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19.  ABSTRACT 

This  study  was  conducted  to  determine  the  controlling  fundamentals  in  the  high-energy 
high-rate  (1  MJ  in  Is)  processing  of  metal  powders.  This  processing  utilizes  a  large 
electncal  current  pulse  to  heat  a  pressurized  powder  mass.  The  current  pulse  was  provided 
by  a  homopolar  generator.  Simple  short  cylindrical  shapes  were  consolidated  so  as  to 
minimize  tooling  costs.  Powders  were  subjected  to  current  densities  of  5  kA/cm2  to  25 
Wcm2  under  applied  pressures  ranging  from  70  MPa  to  500  MPa.  Disks  with  diameters 

thicknesses  of  1  mm  to  10  mm  were  consolidated.  Densities  of 
75%  to  99%  of  theoretical  values  were  obtained  in  powder  consolidates  of  tungsten, 
titanium  aluminides,  copper-graphite,  and  other  metal-ceramic  composites.  Extensive 
microstructural  characterization  was  performed  to  follow  the  changes  occuring  in  the  shape 
ana  micros^cture  of  the  various  powders.  The  processing  science  has  at  its  foundation  the 
control  of  the  duration  of  elevated  temperature  exposure  during  powder  consolidation  nTTic 
goal  was  a  fuller  understanding  of  the  interrelated  electrical,  thermal  and  mechambal 
interactions  that  occur  during  the  observed  rapid  densification.Three  major  densification  \ 
mechanisms  were  observed.  These  were:  plastic  flow  at  elevated  temperature  in  single- 
phase  systems  such  as  tungsten;  plastic  flow  of  a  minor  low-temperature  phase  in  a  two 
phase  non-interacting  system  such  as  tungsten-copper;  and  liquid-phase-assisted 
densification  via  the  production  of  a  small  quantity  of  liquid  within  the  consolidated  mass. 

The  procep  appears  particularly  well-matched  to  the  elevated  temperature,  solid  state 
consolidation  of  powders  of  metals,  and  of  metal-matrix  composites  such  as  copper  + 
graphite,  in  which  exothermic  reactions  are  absent.  With  the  continued  maturation  of  the 
now  commercially  available  homopolar  generator  pulsed  power  sources,  the  materials 
processing  technology  flowing  from  this  research  will  find  specialized  niches  in  the 
production  of  components  that  fully  exploit  its  potential  for  single-residence  conversion  of 
powders  to  finished  parts.  High  performance  sliding  electrical  contacts  provide  one 
example  of  such  a  process-product  match  in  which  technology  transfer  is  now  imminent. 
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4 A.  STATEMENT  OF  THE  PROBLEM  STUDIED 


The  objective  of  this  three-year  effort  was  to  develop  an  understanding  of  the 
controlling  fundamentals  in  high-energy  high-rate  materials  processing  using  pulsed 
power.  The  primary  powder  materials  systems  selected  for  study  were  tungsten,  titanium 
aluminide,  and  copper-graphite.  Other  systems  were  investigated  to  define  specific  niches 
where  this  type  of  processing  could  be  advantageously  applied. 
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4B.  SUMMARY  OF  THE  MOST  IMPORTANT  RESULTS 


INTRODUCnON 

This  final  report  is  a  summary  and  compilation  of  published  research  results.  Tile 
research  was  funded  by  DARPA  and  monitored  by  ARO.  The  research  was  aimed  at 
understanding  the  con  Mling  fundamentals  in  high-energy  high-rate  powder  processing. 

In  this  process,  pressurized  conductive  powders  are  densified  by  the  Joule  (I^R)  heating 
obtained  from  a  current  pulse.  The  large  current  pulse  is  provided  by  the  discharge  of  a 
Homopolar  Generator  (HPG). 

This  section  summarizes  the  findings  of  the  research  into  the  controlling 
fundamentals  in  High-Energy  High-Rate  Processing.  In  section  4.1,  the  processing 
method  is  compared  to  the  global  set  of  powder  consolidation  processes.  In  section  4.2,  its 
historical  development  is  traced.  In  section  4.3,  the  methodology  associated  with  the 
application  of  the  technique  in  laboratory  research  is  described.  In  section  4.4,  the  observed 
mechanisms  that  control  densification  are  discussed.  Factors  pertinent  to  the  evolution  of 
this  process  into  a  manufacturing  technology  are  indicated  in  section  4.6.  In  section  4.7, 
results  obtained  on  specific  materials  systems  are  described. 
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4.1  Comparison  with  Other  Processes 


Efficient  densification  of  metallic  powders  can  be  achieved  by  the  simultaneous 
application  of  temperature  and  pressure.  Uniaxial  vacuum  hot  pressing,  hot  isostatic 
pressing,  and  hot  large-strain  deformation  processing  such  as  powder  rolling  and  powder 
extrusion  which  exploit  this  approach  are  well-established  processes  for  making  fully  dense 
materials  from  powder. 

High-energy  High-rate  processing  for  powder  consolidation  belongs  to  the  group 
of  processes  in  which  electrical  energy  is  dissipated  within  the  powder  mass  to  cause  a  rise 
in  temperature.  When  combined  with  pressure  application,  this  process  leads  to  rapid 
densification. 

In  powder  consolidation,  the  pressure-assisted  densification  processes  have  been 
differentiated  by  the  magnitude,  duration,  and  directionality  of  the  applied  pressure. 


Table  4.1.  A  compari.son  of  pressure-assisted  densification  processes  [1]. 


PROCESS 

MAGNITUDE 

(GPa) 

DURATION  (s) 

DIRECTIONALITY 

OF  LOADING 

Hot  pressing 

0.01-0.03 

103-104 

Uniaxial 

Hot  Isostatic  Pressing 

0.10-0.30 

103-104 

Isostatic 

Hot  Extrusion 

0.10-1.00 

102-104 

Complex 

HEHR 

0.10-0.50 

1-10 

Uniaxial 

Explosive 

10-100 

~10-6 

Complex 
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Table  4.1  provides  a  comparison  of  several  of  the  mature  powder  consolidation 
processes  with  the  High-Energy  High-Rate  (HEHR)  Process.  It  is  observed  that  a  key 
feature  of  the  HEHR  process  is  the  short  duration  of  the  time  at  elevated  temperature.  By 
careful  matching  of  a  pressure  application  profile  to  the  temperature  developed  within  the 
powder  mass,  efficient  pressure-assisted  densification  can  be  obtained  by  plastic  flow. 

Appendix  A-1  provides  an  overview  of  the  metallurgical  approach  to  the  application 
of  pulsed  power  to  materials  processing.  The  interaction  time  and  power  density  mapping 
of  a  variety  of  materials  processes  are  mapped  in  Figure  1.  Overlaid  is  the  regime  labelled 
PPPl  in  which  most  of  this  research  was  performed.  PPP2  is  the  regime  for  capacitor- 
bank  powered  consolidation.  Less  conductive  materials  such  as  the  YBCO  superconductor 
powders  were  processed  in  this  regime  [see  Appendix  G-2  for  details]. 

From  a  metallurgical  standpoint,  the  manipulation  of  time-at-temperature  is  the 
common  approach  to  control  of  transformations.  Figure  2  indicates  the  potency  of  HEHR 
processing  in  controlling  transfomiations  by  limiting  the  time  at  elevated  temperature. 

Appendix  A-2  discusses  some  of  the  engineering  aspects  associated  with 
implementation  of  this  type  of  processing. 
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POWER  DENSITY  -  W/cm 


Figure  1.  A  power  density  versus  interaction  time  plot  indicating  the  fields  of 
HEHR  processing  research.  PPPI  and  PPP2  indicate  the  fields  in  which  this 
HEHR  processing  research  was  performed.  PPP3  is  the  regime  for  pulsed 
power  sources  now  under  development. 
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TEMPERATURE 


Figure  2.  A  TTT  diagram  demonstrates  the  potential  advantage  of  HEHR 
consolidation  in  maintaining  non-equilibrium  structures.  A  profile  for  a  two-phase 
powder  assemblage  is  shown  thermally  pulsed  with  a  short  (<  1  s)  high  temperature 
exposure. 
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4,2  Historical  Background 


Powder-based  metallic  materials  and  metal-ceramic  composites  can  be  produced  by 
a  variety  of  methods  including  the  use  of  large  electrical  currents.  For  over  fifty  years  it 
has  been  known  that  the  direct  electrical  resistance  heating  of  conductive  metallic  powder 
materials  can  cause  densification.  The  mechanism  by  which  this  densification  proceeds  is 
material  specific  and  is  related  to  time  at  temperature  during  processing.  The  interest  in  the 
use  of  electrical  current  for  heating  of  powders  has  been  sporadic  [2-5]  and  has  been 
handicapped  by  the  absence  of  a  well-matched  power  source. 

Over  the  last  decade,  devices  for  the  production  of  pulsed  electrical  power  have 
enjoyed  a  developmental  thrust.  In  particular,  homopolar  generators  (HPG)  based  upon 
the  Faraday  disk  have  been  successfully  engineered  and  commercialized  [6].  The 
availability  of  these  machines  as  pulsed  power  .sources  has  fostered  the  development  of 
novel  powder  processing  approaches  for  metals  and  metal-ceramic  composites. 

At  the  University  of  Texas  at  Austin,  powder  processing  powered  by  a  homopolar 
generator  has  been  developed  as  a  high-energy  high-rate  (HEHR)  materials  processing 
technique  [7].  The  T  MJ  in  Is'  pulsed  energy  delivery  from  a  10  MJ  HPG  has  been 
employed  in  a  wide-ranging  series  of  processing  experiments,  including  welding,  billet 
heating,  and  powder  consolidation. 
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4.3  Experimental  Apparatus 


In  laboratory  research,  the  two  key  components  in  the  apparatus  are  a  powder 
heating  source  and  a  powder  pressurization  source.  These  are  shown  schematically  in 
Figure  3  in  conjunction  with  the  die.  The  powder  mass  is  maintained  under  pressure  in  the 
die  between  two  electrodes  which  also  deliver  the  electrical  current  for  heating. 

As  indicated  earlier  the  powder  heating  occurs  by  pulsed  Joule  Heating 
[proportional  to  the  product  of  the  square  of  the  current  and  the  resistance  of  the  powder 
mass  (I^R)].  The  heating  source  is  therefore  a  high  current  delivery  system  -  a  Homopolar 
generator.  The  basic  principles  of  these  rotating  electrical  machines  as  pulsed  power 
supplies  have  been  discussed  and  compared  to  other  pulsed  power  systems  by  Weldon  [8]. 
For  powder  consolidation,  these  machines  are  capable  of  delivering  high  stored  energies 
via  currents  at  10^  Ampere  levels.  Their  low  voltage  (<  lOOV)  is  sufficient  for  the 
processing  of  most  metallic-conducting  systems. 

The  pressure  is  provided  by  a  hydraulic  press  with  100  ton  capacity.  By 
incorporating  customized  accumulators  and  timers  into  a  basic  system,  it  was  possible  to 
increase  the  pressure  at  a  time  during  the  temperature  cycle  corresponding  to  the  peak 
temperature,  thus  obtaining  plastic-flow  induced  densification  at  minimum  flow  stress. 
While  the  system  employed  in  this  research  was  ba.sed  upon  preset  values  of  pressure  vs 
time,  a  fast-response  system  witli  feed-back  based  upon  changes  in  resistivity  of  the 
powder  mass  may  be  easily  engineered  into  a  system  for  a  specific  industrial  application. 
An  example  of  the  clear  changes  in  resistivity  during  the  processing  of  metallic  glass 
powders  is  presented  in  Figure  4  and  discussed  in  Appendix  E-3. 
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Figure  3.  Schematic  of  HEHR  consolidation  processing  apparatus. 
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Figure  4.  Power  spectra  of  the  (a)  as-received  powder  consolidates,  (b)  low 
(<2000  J/g)  input  energy  samples  #820  (AR),  #766  (I),  #824  (II) 
and  (c)  high  (>2000  J/g)  input  energy  samples  #757  (AR),  #765  (I), 
#827  (11).  Metallic  glass  powders  in  various  stages  of  crystallization 
show  sensitive  responses  to  energy  input  based  upon  their  electrical 
resistivities,  see  Appendix  E-3  for  a  detailed  discussion. 
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4.4  Densification  Mechanisms 


Different  material-specific  mechanisms  were  observed  to  operate  in  the  single¬ 
residence  conversion  of  loose  powders  into  a  consolidated  mass  of  near  full  density.  Three 
broad  classes  are  distinguished:  (i)  single-phase  systems  processed  in  the  solid  state,  eg. 

W,  (ii)  two-phase  systems  in  which  deformation  occurs  preferentially  in  the  lower  strength 
phase,  eg.,  W-Cu,  (iii)  multiphase  systems  in  which  a  transient  liquid  phase  is  formed 
during  processing  either  by  a  solid->liquid  phase  change  of  one  constituent,  or  by  the 
formation  of  a  reaction  product  with  lower  melting  temperature  than  the  parent  phases,  eg., 
W-Ni,  W-Ni-Fe  +  B4C.  Most  of  this  research  was  conducted  with  systems  in  which  the 
materials  were  maintained  in  the  solid  state,  and  in  which  the  densification  occured  by 
plastic-flow.  This  type  of  HEHR  processing  is  essentially  a  single-residence  closed-die 
powder  forging  operation  in  which  the  elevated  exposure  temperature  is  limited  to  very 
short  times. 

From  a  materials  synthesis  standpoint,  the  processing  of  multi-phase  systems  in 
which  new  liquid  phases  are  produced  offers  many  exciting  possibilities.  From  an 
engineering  standpoint  however,  the  containment  of  liquids  at  high  pressures  requires 
considerably  more  effort  in  die  design  and  in  the  selection  of  die  materials  that  resist  attack 
by  liquid  metals.  One  interesting  approach  to  this  problem  is  to  utilize  the  liquid  formed  in 
an  exfiltration  mode.  In  this  method  a  controlled  volume  of  liquid  is  formed  well  within  the 
hot  pressurized  mass  and  forced  outward  in  all  directions  becoming  solid  again  before  it 
can  exit  from  the  consolidated  mass. 


4.6  Towards  a  Manufacturing  Technology 


HEHR  powder  processing  is  still  a  research  laboratory  technique  awaiting  industrial 
deployment  The  vehicle  for  such  deployment  is  expected  to  be  a  product  which  utilizes  the 
technique  at  its  full  potential.  Two  such  products  are  now  under  consideratitm,  both  of 
which  have  origins  in  this  research.  These  are  a  high-speed,  high-current  sliding  electrical 
contact  based  on  copper-graphite,  and  a  wear-resistant  mining  tool  based  upon  cemented 
tungsten  carbide.  Both  of  these  attempt  to  exploit  a  unique  feature  of  HEHR  processing: 
the  ability  to  consolidate  powders  and  to  bond  the  consolidate  onto  a  wrought  mandrel  all  in 
the  same  process. 


4.7  Specific  Materials  Systems 


The  focus  of  the  program  has  been  an  experimental  effort  to  define  processing/ 
microstructure/property  relationships.  Although  the  emphasis  was  on  understanding  the 
processing  science,  several  materials  systems  of  varying  complexity  were  studied. 

Three  major  materials  systems  were  studied:  tungsten;  titanium  aluminides;  and 
copper-graphite  composites.  The  highlights  of  the  results  are  given  here.  Details  are 
provided  in  the  published  papers  which  are  appended.  Table  4.2  is  a  compilation  of  the 
many  materials  systems  that  were  investigated  and  the  sources  in  which  the  results  are 
documented. 


^^ble41MaterialsS^stemsStudi^^_this_Researchand_Publish^Jources 
MATERIALS  SYSTEM  PUBLISHED  SOURCE 


Al-SiC 

Appendix  G-3,  Appendix  G-4 

TiAl 

Appendix  C-2,  Appendix  C-3 

TisAl 

Appendix  C-1,  Appendix  C-2,  Appendix  C-3 

Fe-Si-B 

Appendix  E-1 

Co-Fe-B 

Appendix  G-5 

Ni-Mo-Fe-B 

Appendix  E-2,  Appendix  E-3 

Cu-C 

Appendix  D-1,  Appendix  D-2,  Appendix  D-3 

Cu-W 

Appendix  F-2 

Cu-W-WC-C 

Appendix  F-4 

YBa2Cu307.x 

Appendix  G-2 

W 

Appendix  B-1,  Appendix  B-2,  Appendix  B-3,  Appendix  B-4 

W-Ni 

Appendix  B-3 

W-Cu 

Appendix  D-3 

W-Nb 

Appendix  B-3 

W-Ni-Fe  +  B4C 

Appendix  B-1,  Appendix  B-2,  Appendix  B-3 

In  the  case  of  the  tungsten  processing,  a  fully  integrated  approach  was  developed 
that  included  the  synthesis  of  ultrafine  metallic  powders  from  oxide  precursors.  These 
ultrafine  powders  provided  excellent  matching  to  the  process  since  the  resistance  of  the 
powder  mass  constituted  therefrom  had  a  large  constriction  resistance  contribution.  This 
particle-size  controlled  component  of  the  resistance  improved  the  efficiency  with  which  the 
powder  mass  could  be  heated,  and  allowed  the  achievement  of  the  high  temperatures 
necessary  for  tungsten  consolidation.  Results  are  detailed  in  Appendix  B-1  to  B-4. 

The  initial  effort  on  the  titanium  aluminides  examined  the  processability  of  y-TiAl 
powders,  and  of  Nb-stabilized  Ti3Al.  Because  of  their  inherent  low  ductility,  the  y-TiAl 
disks  produced  were  always  cracked,  often  in  a  radial  pattern.  Crack-free  disks  of  Nb- 
stabilized  TisAl  were  produced  at  near-full  density.  The  latter  composition  was  then 
employed  as  an  intermetallic  matrix  and  reinforced  with  ceramic  powders  such  as  SiC, 
TiB2  and  AIN.  The  interfaces  produced  in  these  systems  showed  a  variety  of  reaction 
products  indicating  that  these  reinforcements  were  not  stable  at  high  temperatures.  An 
effort  to  produce  a  composite  of  TiAl  dispersed  in  Ti3Al  matrix  showed  a  more  stable 
interface.  Details  are  given  in  Appendix  C-1  to  C-3. 

The  effort  on  copper-graphite  composites  was  aimed  at  the  consolidation  of  fully 
dense  material  from  elemental  copper  and  carbon  powders.  It  was  anticipated  that  such 
binderless  consolidation  would  allow  these  materials,  as  sliding  electrical  contacts,  to 
surpass  the  200m/s  barrier  that  had  been  observed  in  conventionally  processed  materials 
which  contained  Pb-Sn  additives.  This  performtince  objective  was  met  by  the  materials 
consolidated  by  this  method  [9].  A  continuing  program  funded  by  the  State  of  Texas  is 
now  underway  to  commercialize  this  class  of  materials  for  high  performance  sliding 
electrical  contact  applications. 
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Other  significant  efforts  were  in  the  areas  of  metallic  glass  processing  [see 
Appendix  E]  and  in  the  area  of  solid  armatuies/electrotribology  [see  Appendix  F].  The 
effort  on  metallic  glasses  led  to  the  discovery  of  a  new  eta-boride  phase,  (see  Appendix 
E-2),  and  the  understanding  of  the  influence  of  degree  of  crystallinity  upon  the  heat  evolved 
during  processing  and  its  effect  on  the  microstructure  of  HEHR  consolidated  material 
(Appendix  E-3).  The  solid  armatures/electrotribology  area  provided  interesting  insights 
into  how  materials  respond  to  large  pulsed  currents  in  electromagnetic  launch  technology 
and  contributed  to  the  understanding  of  the  possibilities  in  multi-phase  materials  processing 
using  pulsed  power.  These  insights  have  also  produced  some  new  initiatives  aimed  at  the 
development  of  specially  tailored  materials  for  these  high  performance  electrotribological 
applications  (for  example,  see  Appendix  F-4). 
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Summary. 


This  study  was  conducted  to  determine  the  controlling  fundamentals  in  the  high- 
energy  high-rate  (1  MJ  in  Is)  processing  of  metal  powders.  This  processing  utilizes  a  large 
electrical  current  pulse  to  heat  a  pressurized  powder  mass.  The  current  pulse  w^  provided 
bv  a  homopolar  generator.  Simple  short  cylindrical  shapes  were  consolidated  so  as  to 
minimize  tooling  costs.  Powders  were  subjected  to  current  densities  of  5  kA/cm2  to  25 
kA/cm2  under  applied  pressures  ranging  from  70  MPa  to  500  MPa.  Disks  with  diameters 
of  25  mm  to  70  mm,  and  thicknesses  of  1  mm  to  10  mm  were  consolidated.  Densities  of 
75%  to  99%  of  theoretical  values  were  obtained  in  powders  of  tungsten,  titanium 
aluminides,  copper-graphite,  and  other  metal-ceramic  composites.  Extensive 
microstructural  characterization  was  performed  to  follow  the  changes  occuring  in  the  shape 
and  microstructure  of  the  various  powders.  The  processing  science  has  at  its  foundation  the 
control  of  the  duration  of  elevated  temperature  exposure  during  powder  consolidation.  The 
goal  was  a  fuller  understanding  of  the  interrelated  electrical,  thermal  and  mechanical 
interactions  that  occur  during  the  observed  rapid  densification.Three  major  densification 
mechanisms  were  observed.  These  were:  plastic  flow  at  elevated  temperature  in  single¬ 
phase  systems  such  as  tungsten;  plastic  flow  of  a  minor  low-temperature  phase  in  a  two 
phase  non-interacting  system  such  as  tungsten-copper,  and  liquid-phase-assisted 
densification  via  the  production  of  a  small  quantity  of  liquid  within  the  consolidated  mass. 
The  process  appears  particularly  well-matched  to  the  elevated  temperature,  solid  state 
consolidation  of  powders  of  metals,  and  of  metal-matrix  composites  such  as  copper  + 
graphite,  in  which  exothermic  reactions  are  absent.  With  the  continued  maturation  of  the 
now  commercially  available  homopolar  generator  pulsed  power  sources,  the  materials 
processing  technology  flowing  from  this  research  will  find  specialized  niches  in  the 
production  of  components  that  fully  exploit  its  potential  for  single-residence  conversion  of 
powders  to  finished  parts.  High  performance  sliding  electrical  contacts  provide  one 
example  of  such  a  process-product  match  in  which  technology  transfer  is  now  imminent. 


4C.  LIST  OF  PUBLICATIONS  AND  TECHNICAL  REPORTS 


1 .  H.  L.  Marcus,  D.  L.  Bourell,  Z.  Eliezer,  C.  Persad  and  W.  Weldon, 

“High-Energy  High-Rate  Materials  Processing,”  Journal  of  Metals,  Vol.  39,  No.  12, 
Dec.  1987 ,pp.  6-10. 

2.  G.  Elkabir,  C.  Persad,  H.  L.  Marcus,  and  T.  A.  Aanstoos,  "High-Energy  High-Rate 
Consolidation  or  Aluminum-  Silicon  Carbide  Composites",  Proceedings  of  the  Ninth 
Annual  Discontinuously  Reinforced  MMC  Working  Group  Meeting,  Park  City, 
UTAH,  January  1987,  (MMCIAC  No.  000695),  MMCIAC,  Santa  Barbara,  CA, 
1988,  pp.  363-386. 

3.  C.  J.  Lund,  C.  Persad,  Z.  Eliezer,  D.  Peterson,  and  J.  Hahne,  "Composite  Solid 
Armatures  for  Railguns",  J.  H.  Gully  (ed.).  Paper  #13  in  Proceedings  of  the  3rd 
International  Conference  on  Current  Collectors,  Austin,  TX,  November  1987. 

4.  M.  J.  Wang,  C.  Persad,  Z.  Eliezer,  and  W.  F.  Weldon,  "High-Energy/High-Rate 
Consolidation  of  Copper-Graphite  Composite  Brushes  for  High-Speed,  High- 
Current  Applications",  J.  K.  Gully  (ed.).  Paper  #20  in  Proceedings  of  the  3rd 
International  Conference  on  Current  Collectors,  Austin,  TX,  November  1987. 

5.  Y.  W.  Kim,  D.  L.  Bourell,  and  C.  Persad,  "Consolidation  of  Metallic  Glass 
Ribbons  using  Electric  Discharge  Welding",  Metall.  Trans.,  Vol.  19A,  June  1988, 
pp  1634-1638. 


1  7 


6.  M.  E.  Fine,  D,  L.  Bourell,  Z.  Eliezer,  C.  Persad,  and  H.  L.  Marcus,  "Basic 
Principles  for  Selecting  Phases  for  High  Temperature  Metal  Matrix  Composites: 
Interfacial  Considerations"  Scripta  Met.,  22,  June  1988,  pp.  907-910. 

7.  Y.  W.  Kim,  L.  Rabenberg,  and  D.  L.  Bourell,  "Identification  of  an  eta-Boride  Phase 
as  a  Crystallization  Product  of  a  NiMoFeB  Amorphous  Alloy",  Journal  Mater.  Res. 
3(6),  November/December  1988,  pp.  1336-1341. 

8.  C.  Persad,  S.  J.  Lee,  D.  R.  Peterson,  J.  S.  Swinnea,  M.  Schmerling,  K.  M.  Ralls, 
H.  L.  Marcus  and  H.  Steinfink,  "Consolidation  of  Powders  of  the  Oxide 
Superconductor  YBa2Cu30x  by  High-Energy  High-Rate  Processing",  Proceedings 
of  the  World  Congiess  on  Superconductivity,  Houston,  TX,  February,  1988,  C.  G. 
Burnham  &  R.  Kane  (eds),  Vol.  VIII  of  World  Scientific  Series  on  PROGRESS  IN 
HIGH  TEMPERATURE  SUPERCONDUCTIVITY,  World  Scientific  Publishers, 
Teaneck,  NJ,  1988,  pp  460-475. 

9.  Z.  Eliezer,  M.  J.  Wang,  C.  Persad,  and  J.  H.  Gully,  "A  Novel  Processing 
Technique  for  Metal/Ceramic  Composites",  in  Ceramic  Developments,  C.  C.  Sorrell 
and  B.  Ben-Nissan  (eds.).  Materials  Science  Forum,  Vol.  34-36,  Trans.  Tech. 

Publ.,  Switzerland,  (1988)  pp  505-509. 

10.  C.  Persad,  S.  Raghunathan,  B.  H.  Lee,  D.  L.  Bourell,  Z.  Eliezer  and  H.  L.  Marcus, 
"High-Energy  High-Rate  Processing  of  High-Temperature  Metal-Matrix 
Composites",  Proceedings  of  the  MRS  Symposium  on  High  Performance 
Composites,  Reno,  NV,  April  1988,  published  as  MRS  Symposia  Proc.  Vol.  120, 
F.  D.  Lemekey,  A.  G.  Evans,  S.  Fishman,  and  J.  R.  Strife  (eds.),  MRS, 

Pittsburgh,  PA,  1988,  pp  23-28. 


11.  C.  Persad,  D.  R.  Peterson,  and  R.  C.  Zowarka,  "Composite  Solid  Armature 
Consolidation  by  Pulse  Power  Processing:  A  Novel  Homopolar  Generator 
Application  in  EML  Technology",  BEEE  Trans,  on  MAgnetics,  January  1989,  pp 
429-432. 

12.  C.  Persad,  C.  J.  Lund,  Z.  Eliezer,  D.  Peterson,  J.  Hahne,  and  R.  C.  Zowarka, 
"Wear  of  Conductors  in  Railguns:  Metallurgical  Aspects",  IEEE  Trans,  on 
Magnetics,  January  1989,  pp  433-437. 

13.  H.  L.  Marcus,  C.  Persad,  Z.  Eliezer,  D.  L.  Bourell,  and  W.  F.  Weldon,  "High- 
Energy  High-Rate  Processing  of  Composites",  Pi*oceedings  of  the  Tenth  Annual 
Discontinously  Reinforced  MMC  Working  Group  Meeting,  Park  City,  Utah, 

January  1988,  (MMCIAC  No.  000696),  MMCIAC,  Santa  Barbara,  CA,  1989,  pp 
235-259. 

14.  C.  Persad,  S.  Raghunathan,  A.  Manthiram,  M.  Schmerling,  D.  L.  Bourell,  Z. 
Eliezer,  H.  L.  Marcus,  and  W.  F.  Weldon,  "Manufacturing  Metallurgy  of  Tungsten: 
A  Novel  Integrated  Powder  Metallurgy  Approach",  IIE/OAS/SwRI  Proceedings  of 
the  Tenth  Inter-American  Conference  on  Materials  Technology,  April,  1989,  San 
Antonio,  TX,  Volume  II,  Section  30,  pp  33-39. 

15.  H.  M.  Tello,  C.  Persad,  H.  L.  Marcus  and  D.  L.  Bourell,  "High-Energy  High-Rate 
Deformation  Processing  of  Aluminum-Silicon  Carbide  Composites",  IIE/OAS/SwRI 
Proceedings  of  the  Tenth  Inter-American  Conference  on  Materials  Technology, 
April,  1989,  San  Antonio,  TX,  Volume  II,  Section  30,  pp  27-31. 


19 


16.  W.  F.  Weldon  and  T.  A.  Aanstoos,  "Single  Residency  Sintering  and  Consolidation 
of  Powder  Metal  Alloys,  Intermetallics,  and  Composites  by  Pulsed  Homopolar 
Generator  Discharge",  Journal  of  Mechanical  Working  Technology,  2Q  (1989)  353- 
363. 

17.  C.  Persad,  B.  H.  Lee,  C.  J.  Hou,  Z.  Eliezer,  and  H.  L.  Marcus,  "Microstructure/ 
Processing  Relationaships  in  High-Energy  High-Rate  Consolidated  Powder 
Composites  of  TisAl  -i-  TiAl",  MRS  Symposium  Proceedings,  Vol.  133:  "High 
Temperature  Ordered  Intermetallic  Alloys  IH",  edited  by  C.  T.  Liu,  A.  I.  Taub,  N. 

S.  Stoloff,  and  C.  C.  Koch,  MRS,  Pittsburgh,  PA,  1989,  pp  717-722. 

18.  Y.  W.  Kim,  D.  L.  Bourell  and  C.  Persad,  "High  Energy-High  Rate  Powder 
Processing  of  a  Rapidly-Quenched  Quaternary  Alloy,  Ni56.5Mo23.5FeioBio". 

Materials  Science  and  Engineering,  A 123, 1990,  pp.  99-115. 

19.  C.  Persad,  S.  Raghunathan,  A.  Manthiram,  M.  Schmerling,  D.  L.  Bourell,  Z. 
Eliezer,  and  H.  L.  Marcus,  "Development  and  Control  of  Microstructure  in  P/M 
Tungsten  by  Synthesis  and  Reduction  of  Tungsten  Trioxide  Gels",  Solid  State 
Powder  Processing.  A.  H.  Clauer  and  J.  J.  de  Barbadillo,  eds.,  TMS,  Warrendale, 
PA,  1990,  pp.  357-364. 

20.  Z.  Eliezer,  B.-H.  Lee,  C.  J.  Hou,  C.  Persad,  and  H.  L.  Marcus,  "Matrix- 
Reinforcement  Interface  Characteristics  of  (TisAl  +  Nb)-Based  Powder  Composites, 
Consolidated  by  High-Energy  High-Rate  Processing",  in  Metal  &  Ceramic  Matrix 
Composites:  Processing.  Modeling  &  Mechanical  Behavior.  R.  B.  Bhagat,  A.  H. 
Clauer,  P.  Kumar,  and  A.  M.  Ritter,  eds.,  TMS,  Warrendale,  PA,  1990,  pp.  401- 
412. 


20 


21.  G.  Elkabir,  C.  Persad  and  H.  L.  Marcus/’Electrical  Characteristics  of  High  Energy- 
High  Rate  Consolidated  Metal  Matrix  Composites",  Journal  of  Composite  Materials, 
in  press. 

22.  S.  K.  Raghunathan,  C.  Persad,  D.  L.  Bourell  and  H.  L.  Marcus,  "High-energy, 
High-rate  Consolidation  of  Tungsten  and  Tungsten-based  Composite  Powders", 
Materials  Science  and  Engineering,  A131  (1990)  in  press. 

23.  H.  L.  Marcus,  D.  L.  Bourell,  Z.  Eliezer,  C.  Persad,  and  W.  F.  Weldon,  "Synthesis 
and  High  Energy  High  Rate  Processing  of  Ultrafine  Grained  Tungsten",  Proceedings 
of  BTI  Advanced  Armor/Anti-Armor  Materials  Program  Review,  in  pres  1990. 

24.  Z.  Eliezer,  C.  Persad,  S.C.  Sparks,  D.  Moore,  M.  Schmerling,  J.  Gully,  and  R. 
Carnes  "Advanced  Composite  Materials  for  High-Performance  Electrotribological 
Applications",  paper  presented  at  ASM  International’s  Conference  on  Tribology  of 
Composite  Materials,  Oak  Ridge,  TN,  May  2, 1990  and  submitted  to  ASM 
Proceedings. 

25.  C.  Persad,  M.  Schmerling,  Z.  Eliezer,  R.  Carnes,  and  J.  Gully,  "Nanosized 
Structures  in  Cu-W-WC-C  Composites  for  Electrotribological  Applications",  paper 
submitted  to  Proceedings  of  the  TMS  Northeast  Conference  on  High  Performance 
Composites,  Morristown,  NJ,  June  1990. 

26.  M.  J.  Wang,  Z.  Eliezer  and  C.  Persad,  "High-Energy/High-Rate  Powder 
Consolidation  of  Straight  Copper-Graphite  Composites  for  Hogh-Speed,  High- 
current  Sliding  Contact  Applications",  submitted  to  Wear,  1990. 


21 


4D.  LIST  OF  SCIENTIFIC  PERSONNEL 


Faculty  and  Staff 

1.  H.L.  Marcus 

2.  Z.  Eliezer 

3.  D.  L.  Bourell 

4.  C.  Persad 

5.  M.  Schmerling 

6.  S.  Swinnea 

7.  R.J.  Allen 

8.  T.  A.  Aanstoos 

9.  W.  F.  Weldon 

Smdgnts 

1 .  C.  J.  Lund  (Grad.  Res.  Asst.) 

2.  S.  Raghunathan  (Grad.  Res.  Asst.) 

3.  S.  J.  Lee  (Grad.  Res.  Asst.) 

4.  M.  J.  Wang  (Grad.  Res.  Asst.) 

5.  H.  Tello  (Undergrad.  Res.  Asst,  till  May  1988,  then  Grad.  Res.  Asst.) 

6.  L.  Govea  (Grad.  Res.  Asst.) 

7.  A.  de  Jesus  (Grad.  Res.  Asst.) 

8.  Y.  W.  Kim  (Grad.  Res.  Asst.) 

9.  G.  Elkabir  (Grad.  Res.  Asst.) 

10.  B.  H.  Lee  (Grad.  Res.  Asst.) 


22 


11.  U.  Lakshminarayan  (Grad.  Res.  Asst.) 

12.  C.  Jan  Hou  (Grad.  Res.  Asst.) 

13.  S.  Cheng  (Undergrad.  Res.  Asst.) 

14.  V.  Martinez  (Undergrad.  Res.  Asst.) 

15.  R.  Rice  (Undergrad.  Res.  Asst.) 

PggrggsGramgd 

1 .  G.  Elkabir,  PhD,  August  1987 

2.  Y.  W.  Kim,  PhD,  December  1987 

3.  C.  J.  Lund,  MS,  December  1987 

4.  S.  Raghunathan,  MS,  August  1988 

5.  S.  J.  Lee,  PhD.,December  1988 

6.  M.J.  Wang,  PhD.,  December  1988 

7.  U.  Lakshminarayan,  MS,  May  1989 

8.  B.  H.  Lee,  MS,  May  1989 

9.  H.  Tello,  MS,  August  1989 

10.  S.  Sparks,  MS,  May  1990. 


23 


5.  BIBLIOGRAPHY 


1.  C  A.  Kelto,  E.  E.  Timm,  A.  J.  Pyzik,  Ann.  Rev.  Mat.  Sci.  1989, 19:  527-550. 

2.  G.  F.  Taylor,  Apparatus  for  Making  Hard  Metal  Compositions.  U.  S.  Patent  1,896,844, 
February  1933. 

3.  F.  V.  Lend,  J.  of  Metals,  1955, 2, 158. 

4.  S.  Isserow,  Impulse  Resistance  Sintering  of  Compounds  for  Armor.  AMMRC-TR  73-43, 1973. 

5.  C.  Persad,  H.  L.  Marcus  and  W.  F.  Weldon,  High-Energy  High-Rate  Pulsed  Power  Processing 
of  Materials  bv  Powder  Consolidation  and  bv  Rail  gun  Deposition.  UTCMSE-87'02,  March 
1987,  Gov.  Reports  Index  #  732,954,  NTIS  Code  AD-A179  289/4/GAR  PC  A07/MF  AOl . 

6.  J.  H.  Gully,  T.  A.  Aanstoos,  K.  Nalty  and  W.  A.  Walls,  IEEE  Trans.  Mag,,  1986,  22,  1489. 

7.  H.  L.  Marcus,  D.  L.  Bourell,  Z.  Eliezer,  C.  Persad  and  W.  F.  Weldon,  JOM.  1987, 22,  6-10. 

8.  W.  F.  Weldon,  "Pulsed  Power  Packs  a  Punch,  IEEE  Spectrum,  Vol.  22  No.  3  (1985),  pp  59-66. 

9.  R.  Laughlin,  J.  Gully,  M.  Spann,  W.  F.  Weldon,  "Continous  Duty  Current  Collection",  Final 
Technical  Report,  Wright-Patterson  Air  Force  Base  Contract  F33615-86-C2673,  June,  1990. 


24 
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PROCESSING  OVERVIEWS 


A-1.  High-Energy  High-Rate  Materials  Processing 


A -2.  Single  Residency  Sintering  and 

Consolidation  of  Powder  Metal  Alloys, 
Intermetallics,  and  Composites  by  Pulsed 
Homopolar  Generator  Discharge 
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High-energy,  high-rate  processing,  driven  by  fast  discharging 
stored  energy  devices,  offers  new  potential  for  producing 
materials  that  are  otherwise  difficult  to  create,  and  for  the 
secondary  processing  of  materials  such  as  those  derived 
from  the  rapid  solidification  technologies. 


H.L.  Marcus,  D.L.  Bourell,  Z.  Eliezer,  C.  Persad  and  W.  Weldon 

University  of  Texas  at  Austin 


The  consolidation  microstructures  of  molyb¬ 
denum  alloy  TZM  PREP  powders  processed 
in  about  one  second  at  increasing  energy 
inputs  up  to  4,300  kj/kg. 

INTRODUCTION 

During  the  development  of  kinetic 
energy  machineiy  at  the  Center  for 
Electromechanics  at  the  University  of 
Texas,  it  became  apparent  that  the 
devices  are  potentially  exciting  sources 
of  energy  for  high-energy,  high-rate 
<HEHR)  processing.  The  availability 
of  the  pulsed  energy  sources  allowed 
exploratory  programs  in  butt  welding 
of  heavy  cross  sections  of  metals,  high- 
rate  billet  heating,  powder  consoli¬ 
dation.  coating  of  mix^  materials  and 
localized  heating.  The  key  result  of 
the  exploratory  work  was  that  HEHR 
processing  offers  several  unique 
proce.ssing  advantages,  with  the  po¬ 
tential  of  creating  interesting  mate¬ 
rials  not  easily  produced  in  other  ways. 
Neverthele.ss,  the  technique  holds  its 
own  set  of  proce,«sing  problems  that 
must  be  .solved  before  becoming  com¬ 
mercially  competitive. 


FUNDAMENTALS 

The  availability  of  pulsed  power, 
high-energy  kinetic  energy  storage 
devices  ofTers  an  opportunity  to  per¬ 
form  a  wide  range  of  experiments.  The 
power  density/interaction  time  plot 
shown  in  Figure  1  tpves  the  regimes 
where  the  processing  has  the  most  po¬ 
tential.  Processing  approaches  can  be 
divided  between  direct  and  indirect 
techniques. 

The  discussed  studies  were  per¬ 
formed  using  a  10  MJ  homopolar  gen¬ 
erator  as  the  pulsed  power  processing 
energy  source.  The  homopolar  gen¬ 
erator  is  an  electric  machine  that  con¬ 
verts  stored  rotational  kinetic  energy 
into  electric  energy  using  the  Fara¬ 
day  effect.  A  low-voltage,  high-cur¬ 
rent  device,  it  is  an  excellent  power 
.supply  for  applications  that  require 
short-time,  high-energ>’  pulses.'  ' 
Coupling  of  the  homopolar  generator 
to  an  inductor  allows  production  of 
current  pui.se  widih.s  down  to  tens  of 
microsecond.s.  Small-.-:cale  experi¬ 
ments  are  powered  by  capacitor  banks 


linked  into  fast,  low-impedance,  pul.se- 
forming  networks.  Taken  together, 
these  pulse  sources  offer  a  variety  of 
proces.sing  possibilities  with  short-time 
power  den-sities  of  up  to  10'‘’NV  cm-  over 
large  areas,  with  interaction  times  of 
10  ■'  to  .several  seconds.  Figure  1  .shows 
the  operational  fields  of  these  pul.se 
power  systems  as  superimposed  on  a 
broad  materials  proce.ssing  map. 

Direct  Processirtg 

Direct  proce.sses  rely  on  converting 
stored  energy  into  megampere  level 
electrical  currents  and  passing  these 
currents  through  the  materials  in  a 
prescribed  manner  in  terms  of  pulse 
time  and  current  di.stribution.  in  con¬ 
junction  with  other  processe.s  such  as 
application  of  pressure 

Time-Temperature-Transforma¬ 
tion  iTTTi  concepts  provide  the  basis 
for  a  fundamental  understanding  of 
the  potential  advantages  of  the  direct 
pul.ied  power  processing  Because  of 
the  inherent  control  of  the  limes  to 
reach  peak  temperature,  of  the  order 
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of  tbe  interaction  times  shown  in  Fig¬ 
ure  1,  the  duration  at  the  tempera¬ 
ture  developed  can  be  held  to  relatively 
short  times.  This  regime  limits  the 
conversion  of  metastable  phases  to 
their  equilibrium  counterparts  and  can 
be  well  below  that  required  for  grain 
growth  even  in  simple  single-phase 
systems.  Depending  upon  the  method 
of  applying  the  pulsed  power,  the 
temperature  rise  time  can  be  from  10 
microseconds  to  one  second.  By  using 
a  pulsed  preheat  or  postheat  in  con¬ 
junction  with  the  high-temperature 
pulse,  more  detailed  microstructural 
control  in  the  workpiece  can  be  ex¬ 
pected.  A  conceptual  TTT  diagram  for 
a  two-component  powder  system  with 
a  pulsed  power  processing  thermal 
(ycle  is  shown  in  Figure  2.  The  ex¬ 
ample  represented  by  Figure  2  is  a 
transient  liquid  phase.  A,  leading  to 
full  densification  of  an  A  B  blend. 
A  and  B  could  be  refractory  metals 
with  melting  temperatures  such  that 
Tma  <  Tmb  (e.g.,  Mo  and  W,  or  Nb  and 
W).  This  could  be  considered  a  high- 
temperature  brazing  process  where  no 
low-temperature  materials  are  in¬ 
volved.  Alternatively,  for  a  system 
with  component  B  alone,  it  represents 
fast  heating  to  Just  below  Tmh,  in  con¬ 
solidating  a  powder  for  example.  For 


single  component  system.s  with  heat¬ 
ing  rate  dependent  phase  transfor¬ 
mations,  the  HEHR  pulsed  power 
processing  could  allow  the  phase 
transformation  to  proceed  in  a  desired 
manner.  For  example,  consolidation 
of  metallic  glass  particulates  would 
allow  the  final  state  of  crystallization 
to  be  controlled.  In  a  microcrystalline 
solid  with  processing-dependent  met¬ 
astable  phases,  controlled  pulse  power 
processing  could  permit  a  range  of 
structures  to  be  produced  by  control¬ 
ling  the  processing  parameters. 

The  TTT  diagram  also  indicates 
other  regimes  of  powder  consolidation 
potential  for  the  HEHR  pulsed  power 
processing.  The  primary  considera¬ 
tion  is  that  the  consolidation  process¬ 
ing  allows  both  the  introduction  of  the 
power  and  the  application  of  exter¬ 
nally  applied  stresses.  The  ability  to 
go  to  very  high  homologous  temper¬ 
atures  would  dlow  deformation  to  take 
place  at  much  lower  stresses  and  at 
much  higher  rates.  This  can  then  lead 
to  more  complete  consolidation  with¬ 
out  the  primary  microstructural 
changes  that  would  normally  take 
place  when  processing  for  extended 
times  at  the  elevated  temperature.  In 
addition,  the  higher  temperature  could 
also  serve  as  the  .starting  point  for  in- 
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Figure  2.  A  TTT  diagram  demonstrates  the 
potential  advantage  of  HEHR  consolidation 
in  producing  non-equilibrium  structures.  A 
two-phase  powder  assemblage  is  shown 
thermally  cycled  in  a  short  ( <  l  s)  time  ex¬ 
posure. 


place  extrusion  or  hot  forging  of  the 
consolidated  material  to  enhance  the 
properties.  This  secondary  processing 
that,  in  many  cases,  will  be  required 
to  obtsiin  acceptable  mechanical  prop¬ 
erties,  would  also  be  done  on  a  cold 
wall  basis  with  minimum  time  at 
temperature. 

Consolidation  can  range  from  a 
green  compact  to  a  cast  condition  de¬ 
pending  on  the  relationship  between 
specific  energy  input  and  the  applied 
stress.  This  and  the  information  sug¬ 
gested  by  Figures  1  and  2  is  ihc  ba.sis 
of  HEHR  pulsed  power  processing. 
Figure  3  shows  the  fineness  of  struc¬ 
ture  which  can  be  obtained  with  this 
method  of  consolidation.  In  Figure  3u. 
prior  particle  boundaries  are  evident 
in  a  compact  consolidated  with  low- 
energy  input  by  a  powder  forging 
mechanism.  With  high  energ>’  input, 
a  finely  distributed  hard  boride  phase 
becomes  evident  (Figure  3b).  The 
fineness  of  structure  maintained  by 
HEHR  processing  contributes  to  the 
increased  comparative  hardness:  HRC 
46-47,  hot  isostatic  pressing  (H1P‘- 
ing);  HRC  47-50,  hot  extrusion;  HRC 
55-60,  HEHR  processing.  Addition¬ 
ally,  HEHR  processing  can  produce 
densities  comparable  to  HlP'ing  and 
hot  e.<trusion.^ 

Direct  processes  roiiuire  that  the 
power,  in  terms  of  electrical  current, 
be  placed  at  the  appropriate  region  of 
the  processed  material  to  obtain  the 
desired  properties  and  micro.structure 
throughout  the  workpiece.  For  ex¬ 
ample,  the  ability  to  concentrate  a 
major  fraction  of  the  energ>-  into  a  thin 
segment  of  the  material  using  a  very- 
short  electrical  current  pulse,  which 
behaves  as  a  very  high  frequency  cur¬ 
rent  (skin  effect!,  allow-s  localized 
phase  and  grain  structure  changes  to 
take  place  without  changing  the  bulk 
of  the  material.  Case  hardening  via 
.'kin  effect  experiments  on  1040  steel 
has  been  demonstrated  as  well  as  skin 
heating  of  copper,  leading  to  grain 
grow-th  and  lower  strength.' 
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Indirect  Processing 

Indirect  HEHR  processing  ap¬ 
proaches  involve  the  delivery  of  the 
power  into  a  secondary  process  that 
then  causes  the  material  processing 
to  proceed.  Figure  4  shows  the  gen¬ 
eral  experimental  scheme  associated 
with  railgun  processing.  The  HEHR 
processing  power  source  applies  cur¬ 
rent  through  the  rails  and  accelerates 
the  material  as  a  plasma,  possibly 
transporting  with  it  liquid  droplets 
and/or  solid  particles  at  very  high  ve¬ 
locities.  This  material  is  then  directed 
at  a  substrate.  The  velocities  reached, 
whicii  can  be  greater  than  10  km,/s, 
then  induce  interactions  between  the 
propelled  materials  and  the  sub¬ 
strate.  The  velocities  make  it  possible 
for  a  thin  layer  of  the  interface  be¬ 
tween  the  substrate  and  the  deposited 
material  to  be  either  locally  im¬ 
planted  or  mechanically  mixed  to  form 
a  graded  interface.  Multiple  deposits 
offer  the  potential  of  a  wide  range  of 
chemically  graded,  layered  surface 
coatings.  General  surface  modifica¬ 
tion  is  a  possibility  of  this  technique. 

The  railgun  approach  is  also  the 
basis  for  shock  loading  HEHR 
processing.  In  this  case,  the  acceler¬ 
ated  projectile  operates  as  a  shock 
loading  ram  that  impacts  the  mate¬ 
rials  to  be  processed.  This  offers  the 
possibility  of  consolidation  of  noncon¬ 
ducting  materials  as  well  as  the  po¬ 
tential  for  inducing  very  high  pressure 
stable  phase  transformations  compa¬ 
rable  to  explosive  loading  approaches. 

The  third  indirect  HEHR  process¬ 
ing  approach  involves  application  of 
large  induced  magnetic  field  forces 
associated  with  the  large  currents  in 
the  process.  These  magnetic-related 
forces  have  the  potential  to  be  used 
for  various  deformation  processing 
methods,  including  localized  defor¬ 
mation  and  the  consolidation  of  non¬ 
conductors. 


POWDER  CONSOLIDATION 

HEHR  procc.s.sing  is  a  potentially 
useful  approach  to  powder  consolida¬ 
tion  for  two  reasons.  The  first  is  that 
the  speed  associated  with  the  process¬ 
ing  offers  the  opportunity  to  maintain 
the  fine  microstructure  associated  with 
the  original  powders  in  the  consoli¬ 
dated  material.  This  fine  structure 
could  be  either  a  non-equilibrium  mi- 
crostnicture  or  a  fine  gi  ain  or  subgrain 
structure.  The  second  is  that  the 
heating  is  concentrated  at  the  inter¬ 
faces  of  the  conducting  particles.  This 
acts  as  a  self-limiting  heating  region 
due  to  the  resistivity  increase  at  the 
interface  shunting  the  current.  In  ad¬ 
dition,  the  containment  die  operates 
in  a  cold  wall  configuration  which 
serves  to  assist  in  accelerated  cooling 
after  the  current  is  removed.  Special 
advances  in  enhanced  cooling  are  also 
required  to  optimize  this  approach.  As 
schematically  shown  in  Figure  2,  the 
ability  to  complete  the  processing  in 
times  shorter  than  the  transforma¬ 
tion  times  or  with  little  growth  of  the 
transformed  phases  allows  investi¬ 
gation  of  a  wide  range  of  materials 
consolidation  processes. 

Process  Control 

One  feature  of  consolidation  using 
the  homopolar  generator  is  that  the 
consolidation  sequence  can  be  moni¬ 
tored  through  in-process  data.  In  me¬ 
tallic  glasses,  for  example,  the  as- 
received  powder  con.solidation  power 
spectra  show  three  peaks.  The  first 
peak  arises  from  initial  consolidation 
between  powders  that  causes  reduced 
contact  resistance  and  an  accompa¬ 
nying  reduction  of  power.  The  powder 
then  undergoes  the  first  crystalliza¬ 
tion  with  the  associated  exothermic 
reaction.  This  reduces  the  material's 
specific  resistivity  and  induces  higher 
current  from  the  still-discharging 
homopolar  generator.  This  in  turn  re¬ 


sults  in  a  second  peak  on  the  power 
specti-um.  Tlie  third  peak  iias  a  a'un- 
ilar  origin  as  the  second  peak,  only 
due  to  the  second  crystallization.  The 
exothermic  reaction  of  crystallization 
acts  as  another  heat  source  for  final 
consolidation.  Therefore,  it  is  pro¬ 
posed  that  to  accomplish  metallic  glass 
compaction  with  minimal  degrada¬ 
tion  of  the  initial  powder  microstruc¬ 
ture,  current  should  be  cut  off  using 
a  closed  loop  control  process  that  in¬ 
itiates  a  by-pass  current  path  inter¬ 
locked  with  discharge  controlling 
devices  after  the  first  power  peak. 
Other  materials  systems  have  shown 
similar  characteristics. 

Refractory  Molybdenum  Alloy 

TZM  PREP  powders  have  proven 
difficult  to  consolidate  by  conven¬ 
tional  methods.  In  particular,  HIP'ing 
at  1600°C  at  30  ksi  for  three  hours 
has  not  produced  full  densification. 
Densification  was  a  vital  aspect  of  this 
work.  Densification  of  TZM  powder  to 
about  99%  of  the  theoretical  density 
without  extensive  melting  has  been 
accomplished,  making  the  process 
unique.®  For  TZM  PREP,  the  trends 
indicate  that  density  increases  with 
increasing  energy  input  and  applied 
pressure.  Figure  5a  shows  a  repre¬ 
sentative  structure  of  TZM  PREP 
powder  consolidated  at  4300  kJ  kg  and 
270  MPa.  High  density  is  obtained 
with  no  visible  evidence  of  melting. 
Densification  at  the  higher  specific 
energy  inputs  ( ~  9000  kJ.kg)  may  have 
been  accelerated  by  local  interparti- 
cle-interface  melting. 

The  fracture  study  showed  all  of  the 
failures  to  be  by  brittle  cleavage  as 
was  the  case  for  the  HIP'ed  material. 
There  did  not  appear  to  be  any  grain 
boundary  fracture,  even  in  the  highly 
dense  regions.  Powder  particle  shape 
outlines  were  distinguishable  to 
varying  degrees  in  the  consolidated 
product.  The  inhomogeneity  of  the  as- 
received  powders  masked  tlio  effect  of 
the  processing  on  grain  growth.  How¬ 
ever,  there  was  little  evidence  of 
melting  and  no  massive  grain  gi  owth. 
Also,  there  was  no  evidence  of  coar¬ 
sening  in  the  carbides  of  the  consoli¬ 
dated  samples.  Both  high-  and  low- 
input  energy  samples  has  Mo..C  and 
TiC  particles  of  the  same  size. 

Nickel-Based  Metallic  Glass 

Metallic  glas,ses  crctited  in  tliin  .sec¬ 
tions  at  cooling  rates  of  -  10' K.S  po.se 
peculiar  secondary  proce.<sing  prob¬ 
lems.  The  structure  stability  is  so 
fragile  that  most  practical  consolida¬ 
tion  approaches  to  make  thicker  sec¬ 
tions  utilizing  elevated  temperature 
and  pressure  lead  to  significant 
degeneration  in  structure.  Deserting 
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Figure  3  Slruciure  comoaosons  of  METGLAS'  7025  orocucec  oy  HEHR  ccnsclicatioo  iai 
Low  energy  input  (700  kJ  kgj  and  (p)  higr  energy  input  (6600  kJ  kgi 
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the  pristine  objective  of  amorphous 
huJk  materials,  a  more  pragmatic 
approach  has  been  espoused  which 
involves  the  derivation  of  micro¬ 
crystalline  materials  by  controlled 
processing  of' metallic  glass  powders. 
The  HEHR  processing  appli^  to  con¬ 
solidation  of  metallic  glass  powders  is 
based  on  this  approach.  Macrostruc¬ 
ture  of  as-consolidated  samples  from 
as-received  metallic  glass  powder 
shows  a  heterogeneous  structure  along 
the  axial  dimension.  There  is  nugget 
formation  in  the  middle  of  the  sample 
where  high  temperatures  are  gener¬ 
ated  due  to  high  contact  resistance  and 
the  exothermic  reactions  of  crystalli¬ 
zation.  This  processing  problem  may 
be  solved  by  controlling  local  current 
density  in  the  compact. 

Heat  treatment  after  consolidation 
at  700'C  for  50  hours  produced  an  or¬ 
dered  phase  (NijMo)  which  precipi¬ 
tated  on  twin  boundaries  and  increa^ 
the  hardness  about  20^  over  as-con¬ 
solidated  material.  This  ordered  phase 
becomes  metastable  and  disappears 
after  further  heat  treatment.  A  new 
transformed  phase  forms,  eta  boride, 
which  is  fee  with  a  large  lattice  pa¬ 
rameter  (a  =  1.08  nm).  This  new  phase 
has  not  been  reported  by  researchers 
who  consolidate  HIP’e  or  hot  ex¬ 
truded  METGLAS*  7025  heat  treated 
to  the  same  condition.  A  very  stable 
Ni^Mo  ordered  phase  and  the  P  or 
sigma  TCP  phases  have  been  found 
with  the  same  heat  treatment  as  that 
of  this  study.  It  is  not  clear  whether 
or  not  the  ordered  phase  acts  as  a  pre¬ 
cursor  for  new  phase  formation.  There 
might  be  a  metastable  compositional 
fluctuation  in  the  Ni-Mo  solid  solu¬ 
tion  during  consolidation,  which  can 
subsequently  transit  to  an  ordered 
phase  or  to  the  new  phase  with  post¬ 
consolidation  heat  treatment.  The  de¬ 
tailed  phase  transformation  evolution 
is  still  under  investigation. 

Tribological  Applications 

HEHR  processing  was  applied  to  the 
development  of  high-temperature  tri¬ 
bological  materials  that  cannot  be 
produced  by  conventionalmeans.  Tri- 


Figure  4.  A  schematic  of  the  railgun  process¬ 
ing  concept.  Shown  are  the  rails,  the  con- 
Gucting  charge  and  the  power  source. 
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bological  graphite-containing  compo¬ 
nents  are  generally  based  on  a  metal 
matrix  with  the  graphite  particles 
bonded  to  the  matrix  by  a  low-tem¬ 
perature  binder.  While  such  solid 
lubricated  materials  perform  satis¬ 
factorily  at  low  temperatures,  they  fail 
at  high  temperatures.  It  has  been 
clearly  shown  that  the  failure  at  high 
temperatures,  consists  of  melting  of 
the  low-temperature  binder  due  to  ex¬ 
tremely  high  interface  temperatures. 
For  higher  temperature  applications, 
a  new  consolidation  method  is  re¬ 
quired.  Such  a  method  would  provide 
the  wetting  of  graphite  by  copper  or 
other  elements  in  the  ab.sence  of  a  low- 
temperature  binder. 

HEHR  proce.ssing  has  the  potential 
for  the  manufacture  of  such  high- 
temperature  tribological  materials.' 
The  very  high  current  developed  at 
the  copper-graphite  interface  during 
consolidation  may  induce  local  melt¬ 
ing  of  copper  resulting  in  a  very  high 
degree  of  geometrical  confonnability. 
At  the  same  time,  the  short  holding 
times  at  high  temperatures  reduces 
the  problems  associated  with  possible 
oxidation  at  the  interface  as  well  as 
in  bulk.  Figure  ob  shows  a  Cu-11  wt.<7 
flake  graphite  consolidate.  Relatively 
uniform  high  densities  are  obtained, 
assisted  by  the  internal  lubrication 
effect  of  the  graphite.  The  tribological 
behavior  of  this  material  is  presently 
being  evaluated  using  a  high-speed 
brush  tester.  The  nature  of  the  inter¬ 
facial  interaction  can  be  tailored  to  a 
certain  extent  by  choosing  the  opti¬ 


d  50  gm 


mal  electrical  current  wavefornt.  and 
by  varying  the  energy  input  and  the 
applied  pressure. 

Meta!  Matrix  Composites 

.Several  metal  matrix  composites 
iMMC)  have  been  investigated  using 
HEHR  processing.  The  aim  of  these 
studies  was  to  determine  the  relation¬ 
ship  between  the  specific  energy  in¬ 
put  into  the  powder  during 
con.solidation  and  the  resulting  mi¬ 
crostructures  and  interfiice  struc¬ 
tures.’’  The  bonding  which  occurs 
during  consolidation  by  this  tech¬ 
nique  stems  from  pulse-resistive 
heating  which  is  produced  at  inter¬ 
particle  interfaces. 

.Air-atomized  aluminum  alloy  pow¬ 
ders  were  processed  either  separately 
or  combined  with  SiC  powders.  .A  se¬ 
ries  of  samples  were  consolidated 
varying  the  specific  energy  input  from 
a  value  of  400  kJ  kg  up  to  2.500  kJ 
kg.  To  date.  Al’SiC  discontinuous 
composites  vith  densities  up  to  99Cf 
of  the  theoretical  density  were  made 
in  processing  times  of  about  one  sec¬ 
ond.  Several  .A1  MMC  systems  were 
succes.=fully  consolidated  with  var¬ 
ious  types  and  grades  of  discontin¬ 
uous  SiC  reinforcement  both  whisker 
and  particulatei  in  volume  fractions 
up  to  SCf.  Graphite  enriched  (J-SiC 
enabled  an  increase  in  the  v.ilume 
fraction  of  the  ceramic  rei.nforcing 
phase  due  to  better  eiecirical  cenduc- 
tiviiy  associated  with  the  graphite  on 
the  surfaces. 


Figure  5.  Representative  microstructures  produced  by  HEHR  consolidation,  (a)  TZM  PREP 
material,  (b)  copper  11  w/o  graphite  tribological  material,  (c)  an  SEM  fractograph  of  tungsten 
blended  with  nickel,  iron  and  boron  carbide  and  (d)  titanium  aluminide  fT'^l)- 
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A  direct  correlation  was  deter- 
'mined  between  the  density,  hardness 
and  tensile  fracture  stress,  and  the 
q>ecilk  energy  input.  The  ductility  and 
fracture  properties  of  the  MMC  are 
veiy  'limited  due  to  limited  plastic  de¬ 
formation  associated  with  the 
processing  of  these  materials.  The 
bonding  between  the  SiC  and  the  A1 
matrix  appears  to  be  good,  based  on 
transmission  electron  microscopy  and 
Auger  electron  spectroscopy  fracture 
studies.  A  10  nm  thick  contiguous  ox¬ 
ide  phase  at  the  interface  between  the 
two  components  was  observed,  and  the 
fine  microstucture  and  grain  sire 
maintained.  The  carbon-rich  SiC  fea¬ 
tured  interface  fracture  within  the 
carbon  layer. 

Superconductors 

The  new  class  of  high-temperr.ture 
superconducting  oxides  pose  formi¬ 
dable  materials  processing  challenges 
in  their  conversion  into  useful  bulk 
forms  because  of  the  inherent  friabil¬ 
ity  of  the  YBajCusO,  powders.  Toward 
this  end,  HCHR  processing  has  been 
employed  to  consolidate  bulk  mono¬ 
liths  and  composite  disks  from  these 
powders  by  employing  discharges  from 
both  a  capacitor  bank  and  a  homo- 
polar  generator.  The  homopolar 
generator  discharges  have  been  shown 
to  produce  high-density  compacts  with 
Tc  values  onsetting  in  exces.®  of  80K. 
The  relatively  slow  hompolar 
discharge  did  lead  to  phase 
modifications. 

The  research  is  addressing  the  ki¬ 
netics  of  oxygen  de-intercalation  of 
these  materials.  The  potential  virtue 
of  this  approach  lies  in  the  po.ssibility 
of  limiting  the  duration  of  the  high 
temperature  exposure  to  a  sufficient 
degree  for  densification  but  not  long 
enough  to  seriously  affect  the  state  of 
oxidation  of  the  copper.  Secondary 
processing  combined  with  consolidat¬ 
ing  research  is  also  being  initiated. 

Tungsten 

Tungsten  processing  by  powder  me¬ 
tallurgy  techniques,  including  elec¬ 
trical  resistance  sintering,  has  been 
studied  extensively.  It  is  usual  to  use 
liquid  pha.se  sintering  to  produce  many 
of  the  commercial  "heavy  metal"  al¬ 
loys,  and  the  sintering  kinetics  of  these 
materials  are  well  understood.  How¬ 
ever.  there  is  very  little  work  on  pure 
tungsten.  Proces.sing  of  pure  tungsten 
poses  peculiar  problems  due  to  the  high 
processing  temperature  requirements 
and  the  difficulties  in  die  contain¬ 
ment.  The.se  difficulties  notwith¬ 
standing,  it  has  been  demon.strated 
that  pure  tungsten  powdeis  c.an  be 
partially  powder-forged,  and  the  na¬ 
ture  of  the  surface  oxide  on  the  den¬ 


sification  characteristics  is  being 
assessed.  It  appears  that  energy  deii- 
sity/pressure  combinations  in  excess 
of  5000  kJ/kg-at  300  MPa  are  neces- 
saiy  to  produce  dense  compacts.  These 
high-energy  densities  are  now  under 
study.  In  addition,  a  tungsten  alloy 
MMC  has  been  made.  A  .scanning 
electron  micrograph  of  a  fracture  .sur¬ 
face  of  a  tungsten,  iron,  nickel  alloy 
mixed  with  boron  carbide  as  a  com¬ 
posite  is  shown  in  Figure  5c. 

Titanium  Aluminides 

Titanium  aluminides  (TiAl,  TigAl) 
are  currently  considered  as  potential 
high-temperature  components  be¬ 
cause  of  their  specific  properties  com¬ 
bined  with  excellent  high-temperature 
properties.  A  study  is  underway  to 
evaluate  the  possibility  of  successful 
consolidation  of  titanium  aluminides 
from  RSR  powders  via  HEHR 
processing.  Two-inch  diameter  disks 
were  consolidated  from  50  grams  of 
powder  under  pressures  ranging  from 
15  to  45  ksi.  At  intermediate  energy 
inputs,  virtually  full  density  was  ob¬ 
tained  by  a  powder  forging  mecha¬ 
nism.  To  date,  it  has  b^n  observed 
that  TijAl  is  easier  to  consolidate  than 
TiAl,  probably  because  of  more  effi¬ 
cient  energy  coupling  to  the  homo- 
polar  generator  pulse.  Figure  5d  shows 
the  microstructure  of  a  dense  compact 
of  TijAl.  Densification  by  powder 
forging  is  evident  as  is  retention  of 
the  original  grain  structure  within 
each  powder  particle. 

RAILGUN  DEPOSITION 
AND  COATINGS 

Railgun  deposition  is  a  powerful  tool 
for  synthesis  of  novel  surface  struc¬ 
tures.  Unique  possibilities  extend  to 
combining  rapid  solidification  and 
consolidation  in  a  single  in-situ  process 
to  produce  desirable  fine  structures. 
The  material  to  be  deposited— in  the 
plasma,  gas,  liquid  or  solid  state— is 
accelerated  electromagnetically  in  a 
railgun  and  deposited  on  a  substrate. 
The  flexibility  of  a  material  deposi¬ 
tion  process  depends  upon  the  ease  and 
degree  of  independence  with  which 
three  sub-processes  are  controlled. 
These  are:  the  creation  of  the  deposit 
species,  the  transport  of  these  species, 
and  the  response  of  the  substrate. 

Railgun  deposition  in  its  current 
stage  of  development  utilizes  pulse 
power  in  species  creation  and  in  spe¬ 
cies  transport.  The  devices  used  for 
this  purpose  are  an  exploding  foil  de¬ 
vice  and  a  railgun.  respectively.  In  the 
novel  configurations  used  in  recent 
work,  these  device.®  have  been  cou¬ 
pled  into  sy.<tems  which  allow  control 
of  the  phase  and  dimensions  of  the  de¬ 
posit  species.  In  one  configuration. 


pI&®ina/vapor  species  derived  from  a 
toil  explusiuii  <ue  acceleraled  iii  a 
railgun  and  condensed  onto  a  sub¬ 
strate.  The  mode  of  nucleation  de¬ 
pends  on  the  species  typets)  and  the 
substrate.  Interactions  between  sub¬ 
strate  materials  and  deposit  species 
govern  the  nature  of  the  interface.  One 
example  of  a  ^stem  consists  of  co-de¬ 
posit^  alumina  -i-  titania  condensed 
as  a  <100  nm  coating.  Immiscible 
systems  such  as  Mo  -f  Cu  have  been 
vapor  quenched  into  100  nm  ciy’stal- 
line  mixtures.  Particulate  deposition 
systems  involving  molten  and  solid 
particles  have  also  been  processed. 
Systems  such  as  Mo  -f  MoS^  and 
graphite  have  been  assessed  for  tri¬ 
bological  applications.^ 

A  complex  blend  of  interdependent 
process  variables  controls  railgun 
deposition.  These  may  be  divided  into 
four  major  categories:  power  and  en¬ 
ergy  levels  of  the  pulse,  character  of 
deposit  material,  substrate  surface 
state  and  bulk  thermophysical  prop¬ 
erties,  and  operating  geometry  and 
environmental  conditions.  By  apply¬ 
ing  materials  science  fundamentals, 
the  approach  has  the  possibility  to 
implement  processing  regimes  which 
will  yield  materials  within  a  pre¬ 
scribed  structure/property  band. 
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SUMMARY 

Utilizing  inertial  energy  storage  the  homopolar  generator  (HPG)  is  capable  of 
delivering  multimegawatt,  megampere  current  pulses  into  resistive  or  inductive 
loads  with  high  efficiency.(l)  Such  HPG's  have  been  used  for  many  years  as  power 
supplies  for  research  in  pulsed  processing  of  metal  alloy  components  and  systems. 
Most  of  these  processes  rely  on  extremely  rapid  thermal  excursions  in  the 
workpiece(s)  caused  by  resistive  heating  during  the  current  pulse.  A  new  application 
of  pulsed  HPG’s  that  carries  great  promise  is  homopolar  pulse  consolidation  (HPC)  of 
powder  metal  alloys  or  componcnts.(2)  In  HPC,  powder  metal  constituents  are  loaded 
into  a  thermally  and  electrically  insulated  die,  then  precompacted  to  an  initial 
pressure.  The  "rams"  of  the  compaction  press  are  also  the  electrodes  for  homopolar 
discharge  current.  While  in  single  residency,  the  powder  compact  is  heated 
uniformiy  by  HPG  discharge  current,  sintering  occurs,  and  consolidation  is 
accomplished  by  hydraulic  control  of  the  consolidation  press.  The  process  is 
completed  in  approximately  one  sec,  with  unaided  cooling  to  room  temperature  on 
the  order  of  100  sec,  depending  on  compact  mass.  Microstructural  control  is  closely 
tied  to  beginning  particle  size  and  distribution.  Traditionally  unsinterable  alloys  have 
been  consolidate(i  using  HPC.  Novel  intermetallic  alloys  and  phases  have  been 
produced.  Cermets  and  other  composites  can  be  produced,  as  long  as  the  continuous 
matrix  is  conductive.  New  tooling  designs  allow  for  controlled  atmospheres,  near-net 
shapes,  and  automated  manufacturing. 


INTRODUCTION 

The  Center  for  Electromechanics  at  The  University  of  Texas  at  Austin  (CE.M- 
UT)  has  investigated  novel  pulsed  electric  generators  since  1972.  Chief  among  these  is 
the  iron-core  (ferromagnetic)  pulsed  homopolar  generator  (MPG).(l)  The  homopolar 
effect,  discovered  and  described  bv  Michael  Faradav  in  the  lS30's,  is  characterized  bv  a 
voltage  gradient  generated  in  a  conducting  rotor  that  spins  in  a  uniform  magnetic 
field.  The  open  circuit  voltage  thus  created  is  given  by: 


V 


too 


where  w  is  angular  speed  in  radians  per  second,  and  o  is  magnetic  Huv  in  Webers 
Typicaliy,  HPG's  are  low  voltage,  low  internal  impedance  devices,  in  a  pulsed  i  ll'C 


31 


energy  stored  in  the  rotor  due  to  its  angular  velocity  is  converted  into  electric  energv 
in  an  external  circuit  as  the  reacting  torque  brakes  the  rotor  to  a  reduced  speed,  or  to  a 
stop.  The  electric  current  pulse  is  characterized  by  a  rapid  rise  to  peak  (approximately 
50-100  ms),  followed  by  a  first  order  exponential  decay  to  zero,  over  a  pulsewidth  of 
from  0.5  to  two  or  more  seconds.  Depending  on  generator  parameters  and  external 
circuit  characteristics,  with  an  HPG  of  1  t  mass,  this  pulse  can  be  greater  than  one 
megampere  peak  current  with  an  average  power  of  tens  of  megawatts. 

CEM-UT  has  developed  and  operated  numerous  HPG’s  for  a  wide  range  of 
applications.(3)  Because  of  the  high  available  power,  HPG's  are  ideal  sources  for  rapid 
joule  heating  of  resistive  workpieces.  For  this  reason,  along  with  their  reliability  and 
ease  of  operation  and  control,  HPG's  have  been  studied  as  pulsed  power  supplies  for 
various  industrial  applications,  including  homopolar  pulsed  welding  and  homopolar 
pulsed  heating  .(4)  A  10  MJ,  disk  type,  pulsed  HPG  system  at  CEM-UT  (figure  1)  has 
been  dedicated  to  such  pulsed  processing  research  since  1976.  This  is  the  system  in 
which  sintering  and  consolidation  of  powder  metal  (PM)  alloys,  in  single  residency,  is 
currently  under  development. 
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BACKGROUND 

Conventionally,  I’M  alloys  are  processed  into  monolithic  shapes  by  a  series  of 
process  steps  that  usually  involves  pre-compaction,  sintering,  pressing,  subsequent 
hot  and/or  cold  working,  and  "healing"  to  reduce  residual  porosity.  Final 
consolidation  of  finished  parts  is  accomplished  normally  by  hot  isostalic  pressing, 
during  which  the  workpiece  is  held  at  elevated  temperature  and  pressure  for  as  long 
as  hours.  Sintering  refers  to  the  diffusion-driven  process  by  which  precompa'/ed 
"green"  products,  under  application  of  heat  and  pressure,  consolidate  as  nucleation 
and  growth  occur  between  neighboring  powder  particles.  The  driving  potential  for 
this  solid  state  phase  transformation  is  the  free  surface  energy  associated  w'ith  the  total 
powder  particle  surface  area  in  the  compact.  The  sintering  process  represents  the 
largest  energy  requirement  in  conventional  PM  processing.(5) 

For  this  reason,  researchers  since  World  W'ar  II  have  concentrated  their  efforts 
on  developing  solid  state,  direct  heating  sintering  processes  as  a  means  of  reducing 
PM  costs  while  improving  productivity.  Some  of  these  high  energy  rate  processes  use 
"activation"  of  the  powder  through  chemistry  and  morphology  control;(6)  most  rely 
on  joule  heating  of  the  powder  by  electric  current.  Jones,  Cremer,  and  Ross 
independently  studied  the  application  of  welding  power  supplies  to  direct  sintering 
and  compaction  of  PM  parts  in  the  late  1940’s.(7)  Regulated  alternating  current  was 
tested  as  a  sintering  power  supply  at  Rensselaer  Polytechnic  Institute  shortly 
ihereafter.(ibid)  A  Japanese  process  was  licensed  to  the  Lockheed  Corporation  in  the 
late  1960's  for  a  process  called  "spark"  sintering,  in  which  alternating  and  direct 
current  were  staged  independently  (and  simultaneously)  for  the  production  of 
beryllium-copper  parts  and  tungsten  rod  and  wire.(8)  These  processes  produced  parts 
ranging  from  5.0  to  23.0  cm  in  diameter  that  required  from  3.0  to  19.4  kA/cm-  current 
density  for  times  ranging  from  tens  of  minutes  to  tens  of  seconds.  Spark  sintering  has 
produced  parts  as  large  as  31.8  kg.  All  these  processes  involve  multiple  step 
procedures,  including,  in  most  cases,  post-sintering  work  to  increase  density,  or  heat 
treatment. 

In  the  1970's,  researchers  at  The  University  of  Texas  at  Austin  (Chou,  et  al) 
investigated  single  residency  sintering  and  consolidation  of  copper-graphite 
composites  under  direct  heating  by  nickel-iron  battery  discharge. (9)  In  these 
experiments,  low  voltage  battery  pulses  were  conducted  through  the  rams  of  a  double 
acting  die  at  relatively  modest  current  densities  (276  A/cm-).  The  low  power 
available  from  the  battery  bank  necessitated  consolidation  times  in  excess  of  30  s; 
however,  densities  in  excess  of  93%  were  achieved  with  good  mechanical  and 
tribological  properties  as  compared  to  similar  composites  consolidated  by 
conventional  processes.  This  research  indicated  that  the  HPG,  with  higher  available 
current  and  power  than  batteries,  as  well  as  lower  source  impedance,  would  be  a 
suitable  power  supply  for  sintering. 
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HOMOrOLAR  rULSE  CON’SOLIDATION 

Homopolar  pulsed  consolidation  (HPC)  is  a  process  whereby  the  discharge 
curreiit  from  a  pulsed  HPG  is  conducted  through  a  compacted  PM  load,  under 
pressure,  such  that  the  pressurizing  rams  are  also  the  conducting  electrodes  for  the 
discharge  current  (figure  2).  A  ceramic  lining  in  the  bore  of  the  die  serves  to  insulate, 
electrically  and  thermally,  the  compact  from  the  surrounding  structure.  The  PM 
product  is  loaded  into  the  die  at  ambient  conditions  and  pressurized  to  a  state  in 
which  interparticle  resistance  favors  very  rapid  microwelding  of  particles  upon 
initiation  of  HPG  current.  This  is  where  HPC  departs  from  traditional  direct  means  of 
sintering  and  consolidation.  Because  the  HPG  discharge  pulse  is  unidirectional,  the 
skin  effect,  or  depth  of  penetration,  associated  with  high  frequency  alternating 
current,  is  minimized  or  eliminated,  resulting  in  uniform  current  distribution  in  the 
cross  section  of  the  compact  (assuming  uniform  pressure  distribution  within  the  die). 
Thus  heat  generation  and  resulting  temperature  excursions  are  uniform  and  the 
resulting  sintering  reaction,  being  very  rapid,  is  essentially  adiabatic.  The  volumetric 
change  associated  with  consolidation  is  compensated  by  fast  response  hydraulic 
control  of  the  consolidation  press,  such  that  applied  pressure  remains  relatively 
constant  during  the  transition.  Therefore,  consolidation  of  the  PM  part  is  accelerated 
by  plastic  deformation  of  the  powder  particles,  greatly  reducing  the  time  required  for 
conventional  consolidation  processes.  Radial  thermal  gradients  within  the  die  are 
controlled  by  conventional  powder  press  considerations  to  reduce  sidewall  effects  on 
axial  pressure  distribution,  and  the  thermal  characteristics  of  the  ceramic  lining. 
Axial  thermal  gradients  can  be  regulated  by  choice  of  electrode  or  interelectrode  spacer 
material  such  that  the  thermal  boundary  conditions  in  the  axial  direction  do  not 
represent  a  heat  source  or  sink  to  the  compact.  Because  of  the  rapid  thermal 
excursion,  both  in  heating  and  cooling,  final  microstructure  is  linked  closely  to 
beginning  particle  size  and  distribution,  making  tailored  as-consolidated  properties 
achievable.  If  post-consolidation  heat  treatment  is  necessary  for  physical  property 
control,  this  can  be  accomplished  in-residency  by  post-pulsing  of  the  HPG  via  field 
excitation  control  based  on  preset  values  or  temperature  feedback  signals.  In  general, 
controlled  atmospheres  are  not  required  because  of  the  short  process  duration,  but 
purged  or  evacuated  conditions  do  not  present  significant  design  problems.  Material 
handling  between  initial  compaction  and  final  part  ejection  is  minimized  or 
eliminated. 

The  HPC  system  is  represented  schematically  in  figure  3.  An  iron  core  pulsed 
HPG  is  motored  externally  (generally  by  closed  loop  hydraulic  drive  systems)  to  a 
discharge  speed  appropriate  for  the  mass  of  P.M  load  material.  Upon  freewheel 
(coasting)  of  the  rotor  and  excitation  of  the  magnetic  field,  the  external  circuit  is  closed 
by  actuation  of  the  sliding  contacts  or  a  discrete  making  switch.  The  subsequent 
discharge  current  pulse  delivers  high-rate  energy  to  the  compact  by  direct  (joule) 
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Figure  2.  Schematic  of  HPC  Die 


heating,  and  sintering  occurs  rapidly.  Displacement  sensors  track  the  consolidation  of 
the  compact  and  pressure  regulators  are  used  to  control  the  hydraulic  press.  In-situ 
temperature  measurements  within  the  compact  are  accomplished  by  fiber-optic 
isolated  thermocouple  leads  so  that  the  magnetic  and  radio  frequency  fields  associated 
with  current  passage  through  the  compact  do  not  cause  interference.  Process 
parameters  recorded  include  compact  pressure,  voltage,  current,  temperature,  and 
axial  consolidation,  as  well  as  HPG  operational  parameters. 

RESEARCH  RESULTS 

A  wide  range  of  materials,  from  lightweight  aluminum-ceramic  alloys  to 
refractory  alloys,  has  been  consolidated  by  HPC  with  very  promising  results.(lO)  It  is 
apparent  that  any  material  mixture  can  be  heated  and  consolidated  by  this  process  as 
long  as  the  continuous  matrix  through  the  compacted  mixture  is  conductive.  As- 
consolidated  mechanical  properties  usually  depend.  In  addition  to  processing 
parameters,  on  prior  powder  particle  conditions  and  environments. 
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Figure  3.  Homopolar  Pulse  Consolidation  System  Schematic 
Aluminum  Allovs 

Numerous  aluminum  alloys  have  been  tested  in  HPC,  most  notably  ALCOA 
X709n'^.(ll)  As-consolidated  density  in  this  alloy  reached  98%  of  theoretical  without 
localized  melting.  Also,  numerous  SiC-reinforced  aluminum  alloys  have  been 
studied.  These  composites,  being  cermets,  heat  and  consolidate  more  readily  than 
does  pure  aluminum,  because  of  their  nigher  resistivity  and  lower  thermal 
diffusivity.  However,  as  with  similar  materials  consolidated  by  other  means,  post¬ 
consolidation  hot  or  warm  work  is  required  to  restore  room  temperature  ductility.  A 
typical  as-consolidated  aluminum  compact  is  shown  in  figure  4. 

Copper-Graphite 

Extensive  research  has  been  conducted  in  the  processing  and  applications  for 
copper-graphite  alloys  at  CEM-UT  since  Chou's  battery  powered  experiments.  Wang, 
et  al,  have  developed  a  copper-graphite  HPC  alloy  that  is  chemically  similar  to 
available  commercial  grades,  but  with  greatly  improved  mechanical  properties. (12) 
Recent  data  suggest  that  this  material,  beacause  of  good  electrical,  thermal,  and 
tribological  properties,  may  be  a  suitable  sliding  contact  material  for  next-generation 
pulsed  power  generators.  Figure  5  shows  a  typical  copper-graphite  HPC  compact. 
Molybdenum  .Mlovs 

The  amorphous  P.M  alloy  NiMoFeB  (METGLAS  7025'''")  has  been  studied  using 
HPC.  Although  in  the  bulk  of  the  finished  compact  (approximately  4.5  cm  diameter 
by  1  cm  length)  amorphosivity  was  not  conserved,  a  highly  dense  microcrystalline 
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Structure  was  produced.  This  structure  represents  a  new  room-temperature 
metastable  phase,  named  the  ri-Boride  phase,  which  had  not  been  observed  in  this 
alloy  previously.{13)  Such  a  compact  is  shown  in  figure  6.  Another  alloy  of  tungsten, 
zirconium,  and  molybdenum,  (TZM  PREP)  was  investigated.  In  the  coarse,  oxidized 
form,  this  PM  product  has  proven  difficult  to  consolidate  by  conventional  means. 
After  HPC,  without  special  process  control,  this  alloy  shows  very  good  density  and  a 
stable  p-phase 


Figure  6.  METGLAS  7025™  HPC  Compact 
Tungsten  Allnv<; 

HPC  compacts  of  tungsten  with  nickel,  cobalt,  copper,  or  niobium  alloying 
elements  have  been  produced  with  good  density  and  other  properties. (2)  However, 
pure  tungsten  is  difficult  to  consolidate  because  of  adverse  die  interactions  at  the  very 
high  temperatures  and  pressures  required  for  the  sintering  reaction  (approximately 
3000C  and  300  MPa).  Furthermore,  aggregation  of  powder  particles  below 
approximately  100  m  size  can  result  in  non-uniform  density  and  degraded  mechanical 
properties  of  the  compact.  In  addition,  sintering  of  tungsten  to  near-theoretical 
density  by  conventional  means  requires  hours  in  controlled  atmospheres.(14)  Recent 
data  at  CEM-UT  suggests  that  a  novel  pre-processing  technique  for  tungsten  particles, 
combined  with  HPC,  can  result  in  very  uniform  tungsten  parts  of  high  densitv  that 
have  mechanical  properties  (specifically  hardness)  significantly  higher' than 
conventionally  produced  pure  tungsten  parts.  Research  is  continuing  into  this 
application. 
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MANUFACTURING  WITH  HPC 

Implementation  of  HPC  into  a  manufacturing  plant  in  the  near  term  is  feasible. 
The  required  power  supplies  and  auxiliary  equipment  are  commercially  available, 
and  the  tooling  and  fixturing  required  arc  essentially  designed  from  conventional 
mechanical,  electronic,  and  hydraulic  components. 

Capabilities 

Research  results  indicate  that  compact  masses  of  1.0  kg  can  be  consolidated  per 
10  MJ  of  HPG  capacity  per  operational  cycle  (one  discharge  per  operational  cycle). 
Industrially  rated,  actively  cooled  HPG’s  are  available  that  can  operate  at  full  energy 
on  a  5  min  duty  cycle.(15)  To  date,  most  HPC  compacts  have  been  cylindrical  or  disk 
coupons  for  research  analysis.  These  are  produced  in  ceramic  lined,  quick  release 
diesets  (figure  7)  that  are  approximately  2.5  times  the  diameter  of  the  finished 
compact.  It  is  anticipated  that  prismatic,  or  constant  section,  shapes  can  be  formed  by 
HPC  with  .special  tooling  design.  Thus  near-net  shapes,  such  as  turbine  bladeforms, 
are  probably  feasible.  Furthermore,  consolidated  PM  parts  can  be  joined  to  monolithic 
parts  during  consolidation.  Figure  8  shows  a  copper  disk  bonded  to  an  HPC-produced 
tungsten-iron  alloy. 

Cost  and  Productivity 

On  a  per  Joule  basis,  iron  core  HPG's  represent  the  most  economical  reusable 
energy  storage  and  pulsed  power  supply  available.  Capacitor  banks,  for  example,  are 
more  costly  by  a  factor  of  5-10,  while  occupying  as  much  as  lC-100  times  the  volume, 
for  an  equivalent  stored  energy. 


Figure  8.  Copper-Tungster\  Alloy  HPC  Joint 


Operational  costs  for  HPG’s  are  also  low.  Motoring  to  speed  is  accomplished  at 
modest  power  levels  (200-500  k\V);  auxiliary  power  requirements  may  total  to  an 
equivalent  number.  Total  energy  cost  per  cycle  for  a  10  MJ  unit  might  therefore 
approach  SO.IO,  depending  on  local  utility  rates.  Furthermore,  because  the  high  power 
discharge  is  accomplished  off-line,  no  demand  rates  for  high  power  surges  are 
incurred. 

CONCLUSIONS 

The  Center  for  Electromechanics  at  The  University  of  Texas  at  Austin  has 
applied  pulsed  iron  core  homopoiar  generators  to  a  rapid,  single  residency  process  for 
compacting,  sintering,  and  consolidating  powder  metal  alloys  and  composites.  NLanv 
materials,  from  lightweight  to  refractory  alloys,  can  be  consolidated  with  this  process 
with  high  density  and  excellent,  properties.  Consolidation  time  is  very  short 
compared  to  conventional  powder  metal  processing  techniques.  Near-net  shapes  can 
oe  consolidated,  and  joints  between  consolidated  and  monolithic  parts  can  be 
accomplished.  Homopoiar  generators  are  economical,  reliable,  and  inexpensive  to 
operate. 
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APPENDIX  B 


TUNGSTEN  PROCESSING 


B-1.  Manufacturing  Metallurgy  of  Tungsten:  A 
Novel  Integrated  Powder  Metallurgy 
Approach 


B-2.  Development  and  Control  of  Microstructure 
in  P/M  Tungsten  by  Synthesis  and  Reduction 
of  Tungsten  Trioxide  Gels 


B-3.  High-energy,  High-rate  Consolidation  of 
Tungsten  and  Tungsten-based  Composite 
Powders 


B-4.  Synthesis  and  High  Energy  High  Rate 

Processing  of  Ultrafine  Grained  Tungsten 
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ABSTRACT 


Two  principal  technologies  underpin  the 
P/M  manufacturing  metallurgy  of  tungsten: 
powder  production  and  powder 
consolidation.  The  powder  metallurgy 
approach  employed  in  this  study  offers 
the  specific  advantages  associated  with 
fine-grained  microstructure.  In  the 
consolidation  step,  in  which  a  'IMJ  in 
Is'  high  electrical  energy  pulse  is  used, 
the  duration  of  the  exposure  to  elevated 
temperature  is  minimized.  However,  the 
potential  advantage  of  this  consolidation 
technique  could  only  be  obtained  by 
control  of  the  powder  production  phase.  A 
research  effort  targeting  fine 
miorostructure  by  integrating  the  powder 
production  and  powder  consolidation 
phases  was  undertaken.  Tungsten  trioxide 
gels  produced  from  acidic  solutions  of 
sodium  tungstate  were  the  precursor 
materials  for  hydrogen  reduction  to 
produce  submicron  metallic  tungsten 
particles.  Temperature  and  pH  control  in 
the  gel  producing  step  lead  to  the 
nucleation  and  controlled  growth  of 
tungsten  trioxide  particles  down  to  50  nm 
size.  Aquagels  and  alcogels  were  reduced 
in  copper  and  in  alumina  boats  in  a 
stream  of  dry  hydrogen  at  1123K  for 
3600s  to  yield  lOOnm  metallic  tungsten 
particles.  These  particles  were 
subsequently  consolidated  to  produce 
dense,  fine-grained  {-200  nm)  compacts. 
Liquid-phase-assisted  consolidation  was 
compared  in  the  hard-metal  composite 
W-Ni-Fe  +  B^C  -  a  cobalt-free  WC  analog. 


X  INTER-AMERICAN  CONFERENCE  ON  MATERIALS  TECHNOLOGY 


INTRODUCTION 

The  manufacturing  metallurgy  of 
tungsten  has  been  driven  by  the  expanding 
uses  of  the  metal.  Tungsten  and 
high-tungsten  alloys  have  found  extensive 
use  in  metalworking  machinery,  mining 
machinery,  and  in  electrical  and  lighting 
equipment.  These  end  use  categories 
accounted  for  over  80%  of  the  1985  US 
consumption  of  8.2  x  10  «  kg.  (1)  . 

Tungsten  has  the  highest  melting  point  of 
metallic  elements,  T^  =  3410  "C,  and  a 

high  density  of  19.3  gm/cm^.  These  and 
other  unique  physical  properties,  and 
high  hardness  contribute  to  the  demand 
for  the  metal  in  new  applications  (1)  . 

Important  tungsten  minerals  include 
wolframite,  (FeMn)  WO,;  and  scheelite, 

CaWO, .  Wolframite  is  converted  to 
tungstic  acid  ,  HjWO,  (=  hydrated  tungsten 
trioxide,  WO3  .HjO),  by  first  fusing  it 

with  sodium  carbonate  at  1000  °c  to 
produce  soluble  sodium  tungstate,  which 
^  is  then  acidified.  Scheelite  treated  with 
hydrochloric  acid  produces  calcium 
chloride  and  insoluble  tungstic  acid. 

The  possibilities  of  manipulating  the 
form  in  which  the  tungsten  trioxide  is 
precipitated  were  explored  in  this  study. 
Crystalline  and  colloidal  forms  are 
possible.  Among  the  latter  forms  are  sols 
and  gels.  A  sol  is  a  solid  dispersed  in  a 
liquid,  a  gel  is  liquid  dispersed  in  a 
solid  (2) .  The  aquagel  consists  of  water 
dispersed  in  a  fine  three-dimensional 
network  of  non-crystalline  tungsten 
trioxide.  The  solid  network  occupies 
1-10%  of  the  total  volume  depending  upon 
the  sizes  of  the  individual  particles. 
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The  conversion  of  a  primary  aquagel 
to  an  aerogel  by  critical  point  drying, 
and  the  use  of  this  aerogel  as  a 
precursor  for  the  production  of  fine 
metallic  tungsten  powders  are  the  novel 
features  of  this  work.  By  producing  such 
a  fine  powder  for  consolidation  by 
High-Energy  High-Rate  (HEHR)  Processing, 
this  work  exploits  one  of  the  fundamental 
features  of  HEHR  Processing,  namely,  the 
control  of  time-ac-temperature 

transforIna^^nn<^.  .  i. 

In  this  simple,  single-  phase 
refractory  metal  system  the  key 
metallurgical  feature  is  grain  size. 
Maintaining  submicron  grain  size  in 
consolidated  tungsten  opens  up  new 
possiblities  for  novel  secondary 
processing  such  as  by  superplastic 
forming,  and  for  new  applications  such  as 
hypervelocity  sliding  electrical  contacts 
(3). 


The  complex  tungsten-based  composite 
material  selected  for  study  presents  a 
sharp  contrast.  A  completely  different 
group  of  high  temperature  applications 
utilizing  high  hot  hardness  is 
anticipated  for  the  cobalt-free 
substitutes  for  WC  +  Co  composites.  The 
B^C  -reinforced  M-Ni-Fe  composites  are  a 
prototypical  system  (4,5).  The  hot 
hardness  of  the  2.5  B^C  -  97.5  W-Ni-Fe 
(95.0  W  -  3.5  Ni  -  1.5  Fe)  is  10  to  20% 
higher  than  the  premium  grade  of  WC  +  Co 
at  1073K.  When  produced  by  hot  pressing 
at  1733K,  the  B^C  is  fully  reacted  and 
phases  with  a  variety  of  chemistries  are 
produced.  These  include  graphite, 
tungsten  carbide,  and  Fe-Ni  and  W-B-C 
phases.  Further  analysis  revealed  the 
onset  of  the  series  of  reactions  to  be  at 
1173K  (4). 


EXPERIMENTAL  PROCEDURE 

Materials 

Gel-based  W 

The  source  material  for  tungsten  in  this 
study  was  crystalline  sodium  tungstate, 
supplied  by  the  Alfa  Products  Div'n  of 
Morton  Thiokol.  Reagent  grade 
hydrochloric  acid  was  used  for 
acidification  of  sodium  tungstate. 

W-Ni-Fe/B^C 

The  tungsten-based  composite  was 
supplied  as  a  premixed  powder  blend  )jy 
Los  Alamos  National  Laboratories,  NM.  The 
metallic  matrix  elemental  powders  W:NirFe 
were  mixed  in  a  mass  ratio  of  93:5:2.  The 
mass  of  B4C  was  1.3  or  1.65  percent  of 
the  total  composite  mass,  corresponding 
to  a  volume  fraction  of  8%  or  -10%. 
Detailed  characteristics  of  such  powder 
blends  have  been  reported  previously  by 
Sheinberg  (5) . 


Pxgpaiatioxi  al  Tuagstea-ltioxide 

Tungsten  trioxide  was  prepared  in 
crystalline  and  in  gel  forms  by  the 
controlled  acidification  of  sodium 
tungstate.  Control  of  pH  and  temperature 
led  to  the  synthesis  of  the  material  in 
gel  form  using  0.25N  hydrochloric  acid  at 
298K.  The  first  step  in  the  preparation 
of  the  tungsten  tricxide  gel  was  the 
"dissolution  of  sodium  tungstate  in  a 
dilute  O.IN  hydrochloric  acid  at  room 
temperature.  This  solution  was  further 
acidified  until  streaks  of  the  white 
tungstic  acid  gel  were  observed.  Upon 
further  acidification,  a  light  yellow  gel 
was  precipitated  in  a  sodium  chloride 
solution.  The  gel  was  then  filtered  and 
washed  in  flowing  distilled  water.  The 
simple  chemical  reaction  is: 

Na,wo,  +  2HC1 - >  WO3  .H3O  +  2NaCl..(l) 

A  number  of  gels  were  prepared  using 
fifty-gram  batches  of  sodium  tungstate. 
Some  preparations  of  the  aquagel  were 
converted  into  alcogels  by  an 
alcohol -for-water  subst  itiit  ion .  These 
alcogels  were  later  processed  into 
aerogels  by  critical  point  drying  using 
carbon  dioxide  (6).  Samples  of  the  gels 
were  taken  for  particle  size 
characterization  and  for 

thermogravimetric  analysis.  The  remainder 
was  placed  in  alumina  and  in  copper  boats 
for  hydrogen  reduction. 


Hydrogen  reduction  was  performed  by 
flowing  hydrogen  through  a  50  mm  diameter 
X  1.2  m  long  quartz  tube  containing  the 
gel-filled  boats.  The  tube  was  placed  in 
a  three-zone  tube  furnace  operated  at 
1123K.  A  hydrogen  flow  rate  of  40  ml/min. 

was  maintained  for  1  hour  to  achieve 
complete  reduction. 


Frpcessing 

« 

Advances  in  kinetic  energy  storage 
devices  have  opened  up  a  new  approach  to 
powder  processing  of  refractory  metals 
and  high-temperature  composites.  The 
processing  consists  of  internal  heating 
of  a  customized  powder  by  a  fast 
electrical  discharge  of  a  homopolar 
generator.  The  high-energy  high-rate  "IMJ 
in  Is"  pulse  permits  rapid  heating  of  a 
conducting  powder  in  a  cold  wall  die. 
This  short  time  at  temperature  approach 
offers  the  opportunity  to  control  phase 
transformations  and  the  degree  of 
microstructural  coarsening  not  readily 
possible  using  standard  powder  processing 
approaches . 
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The  underlying  fundamental  approaches 
to  high-energy  high-rate  processing  have 
been  described  elsewhere  (7) .  The  general 
details  of  the  experimental  apparatus  and 
the  pulse  characteristics  have  also  been 
reported (8).  The  technique  has  been 
employed  previously  in  the  processing  of 
Che  refractory  metal  alloy,  Mo-TZM,  as 
•..'ell  as  Al-SiC,  Cu-Graphite,  and 
(TijNbjjAl-SiC  composites  (7-11). 

In  this  study,  50g  quantities  of  the 
gel-based  tungsten  or  of  the  composite 
powder  blends  were  loaded  into  insulated 
die  cavities  between  copper  or  tungsten 
electrodes.  Pressures  between  210  and  420 
MPa  were  applied,  and  the  compacts  were 
rapidly  heated  by  a  homopolar  generator 
pulse  discharge.  Disks  with  diameters  of 
25  mm  or  30  mm  were  produced.  Specific 
energy  inputs  ranged  from  2000  kJ/kg  to 
7000  kJ/kg. 

Microstructure  Evaluation 

Standard  metallographic  procedures 
were  employed  in  the  preparation  of 
radial  cross  sections  of  each  of  the 
consolidated  materials.  Sectioning 
required  the  use  of  water- jet  machining. 
Vickers  microhardness  measurements  were 
performed  at  room  temperature  to 
determine  the  degree  of  microstructural 
homogeneity. 

X-ray  diffraction  analyses  were 
performed  on  a  Phillips  diffractometer 
fitted  with  a  Cu  tube  and  a  graphite 
monochromator.  Powder  samples  were  held 
onto  a  glass  slide  with  double-sided 
adhesive  tape.  Sufficient  powder  was  used 
so  that  no  signal  was  detected  from  the 
glass  slide. 

A  JEOL  35M  SEM  with  EDS  and  WDS 
capability  was  employed  for  powder 
particle  chacterization,  densif ication 
studies,  and  to  verify  the  chemical 
discontinuities  associated  with  the 
formation  of  reaction  products  at  the 
matrix-reinforcement  interface  in  the 
composite . 

A  200  kV  JEOL-200CX  instrument  was 
used  in  the  TEM  studies  of  the  xerogel 
and  the  metallic  powder  product.  Drops  of 
a  0.01  percent  solution  of  the  alcogel 
was  placed  on  holey  carbon  grids  and 
vacuum  dried  for  gel  size  and  contiguity 
characterization . 


RESULTS  AND  DISCUSSION 

The  results  of  each  of  the  several 
steps  studied  are  presented  and 
discussed.  They  include  controlled 
synthesis  of  an  oxide  gel,  conversion  of 
the  gel  into  a  desirable  form,  reduction 
of  the  gel,  and  consolidation  of  the 
gel-derived  metallic  tungsten  powders. 
Together,  these  represent  an  integration 
.of  the  chemical  and  mechanical  metallurgy 
of  tungsten. 

The  conventional  manufacturing 
metallurgy  of  tungsten  employs  chemical 
decomposition  rather  than  pyro-metallurgy 
in  the  extractive  metallurgy.  This 
involves  the  extraction,  reduction  and 
purification  of  the  metal  oxide  from 
minerals  and  from  low  concentration 
ores.  Methods  and  processes  for 
accomplishing  these  steps  are  the 
subjects  of  a  voluminous  patent 
literature.  Systematic  and  comprehensive 
reviews  are  available  (12,13). 


Gel  Preparation.  Conversion  and  Reduction 

High-purity  tungsten  powders  with 
submicrometer  particle  sizes  are 
obtainable  by  this  preparation  '-> 
conversion  ->  reduction  processing 
sequence.  Aerogel  forms  are  particularly 
well  suited  precursors  for  hydrogen 
reduction.  Alcogels  may  also  be  reduced 
under  slightly  different  conditions  to 
produce  similar  particle  sizes.  Alcogels 
are  an  intermediate  product  in  the 
critical  point  drying  procedure  for 
tungsten  trioxide  aquagels. 

Thermogravimetric  analysis  indicated 
that  the  aquagel  contained  ~15  H^O 

molecules  of  which  -13  were  in  the  gel 
interstices  and  -2  were  present  as  water 
of  hydration.  TEM  observation  of 
vacuum-dried  alcogels  at  1:10,000 
dilution  indicated  contiguous 
two-dimensional  particle  arrays 
consisting  of  monosized  particles  with  50 
nm  dimensions. 

The  lower  size  limits  of  these  gel 
particles  are  as  yet  not  determined. 
However,  if  indeed  these  are  <  10  nm,  and 
can  be  converted  into  crystalline  form 
without  coarsening,  then  the  extremely 
promising  work  on  ductile  nanocrystalline 
metal  oxides  may  be  advanced  by  this 
route  .  For  example,  Karch  et  al.  have 
shown  that  nanocrystalline  TiO.  develops 

room-temperature  ductility  due  to 
enhanced  grain  boundary  creep  originating 
in  short  diffusion  lengths  and  increased 
interfacial  diffusivity  (14) . 
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12  WO. 


12  WO3  +  3  Hj 


3  W^O,,  +  3  HjO 


3  W,0,,  +  9 


*  9  H^O 


12  ViO,  +  24  H_,  =  12  W  +  24  H.O 


’■  Schematic  sequence  of  the  tungsten  trioxide  reduction 
reactions  in  dry  hydrogen  at  1123K.  In  the  simplified  sequence  the 
possible  presence  of  co-existing  non-stoichiometr ic  cxides  as 
intermediate  prodiict-*!  di .qreoarded*. 


■  Fiq 1 2 1  TEM  photomicrograph  of  metallic  tungsten  powder  particles 
made  by  hydrogen  reduction  of  a  tungsten  trioxide  alcogel.  Particle 
dimensions  of  -100  nm  are  evident. 
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Free  energy  and  enthalpy  chang» 
indicate  that  magnesium  or  aluminum  ma 
be  more  effective  exothermal  reductant. 
for  the  metal  oxide  (13),  however, 
product  purity  demands  are  best  met  by 
the  use  of  high-purity  hydrogen.  The 
standard  sequence  of  reduction  reactions 
is  shown  schematically  in  Figure  1. 

The  reduction  procedure  performed  at 
1123K  for  3600s  in  dry  hydrogen  yields 
metallic  tungsten.  X-ray  diffraction 
studies  indicate  that  the  crystalline 
oxide  level  is  below  the  detection  limit. 
However,  an  adsorbed  oxygen  layer  is  a 
potential  contaminant  due  to  the  large 
surface  area/unit  mass  of  the  reduced 
powders,  (estimated  value  3-10  m^/g) . 
Transmission  electron  microscopy  confirms 
the  ~100  nm  average  dimension  of  the 
reduced  metallic  tungsten  particles. 
Figure  2  is  a  TEM  photomicrograph  of  a 
cluster  of  these  particles.  The 
individual  particles  appear  to  be  single- 
or  bi-crystals. 

The  factors  which  affect  the 
post-reduction  size  of  metallic  tungsten 
particles  are  incorporated  into  Parsons' 
empirical  equation  (15) .  They  include  the 
bul)c  density  of  the  oxide  powder,  the 
particle  size  of  the  oxide  powder,  the 
reduction  time,  the  bed  depth,  and  the 
reduction  temperature.  The  refinement  in 
microstructure  through  the  use  of  50  nm 
tungsten  trioxide  in  aerogel  form 
therefore  has  a  strong  effect  on  the 
reduction  )cinetics,  due  to  the  low  bul)c 
density  and  small  particle  size. 


Consolidation  Parameters 

The  processing  parameters  used  for 
these  initial  censel  idation  expo;  •.men i  s 
on  each  of  these  systems  were  derived 
from  parameter  sets  previously  developed 
for  commercial  tungsten  powders  (16) .  The 
inherent  assumption  is  that  beyond  a  set 
electrical  conductivity  threshold,  the 
pulse  resistive  heating  under  pressure 
would  provide  rapid  densif ication.  The 
most  identifiable  solid  state 
densif ication  mechanism  is  powder 
forging.  The  parameters  for  the  gel-based 
w  were:  Applied  Pressure  =  60  Icsi  (420 
MPa),  Specific  energy  input:  5000  )cJ/)cg. 
For  the  W-Ni-Fe/B^C  system  they  were: 

Applied  Pressure  =  45  -  60  )csi  (315  -  420 
MPa),  Specific  energy  input:  3000  to  7000 

)cJ/)cg. 


Mic.TQStrtictnre/ProDertv 

Figures  3  and  4  provide  typical 
overviews  of  the  rapidly  densified 
microstructures  developed  in  the 
gel-based  W  and  in  the  W-Ni-Fe/B^C 

systems  respectively. 


Fig  ■  3  ■  SEM  photomicrograph  of  a  radial  cross-.sect  ion  o: 
gel-based  tungsten  specimen  produced  by  ‘  " 

with  an  energy  input  of  7000  kJ/kg^  under  420  MPa  oppiiu^  p.e...,i.'.. 
A  uniform  consolidated  powder  particle  size  of  -200  nm  .. 


uvi  ;c'fit . 


47 


(K-N’i-Ke)  /B4C 


The  gel-based  tungsten  was  rapidly 
densified  to  -85  %  density  in  a  single 
energy  pulse.  This  densification  response 
.•nay  be  associated  with  the  increase  in 
total  resistance  derived  from  the  now 
numerous  interparticle  contact 
resistances.  The  microstructure  is 
uniform  and  consists  of  particles  with 
-200  nm  dimensions.  At  this  stage,  the 
particle  size  evolution  sequence  from  the 
oxide  gel  is:  gel  particle  dimension  - 
-50  nm;  metallic  tungsten  powder  particle 
size  =  -100  nm;  consolidated  tungsten 
particle  size  =  -200  nm. 

In  this  simple  single-phase  material, 
the  primary  microstructural  parameters  of 
interest  are  the  fineness  and  uniformity 
of  the  microstructure.  The  SEM  micrograph 
in  Figure  3  indicates  that  these 
characteristics  are  indeed  evident  in  the 
HEHR  powder-consolidation-processed 
gel-based  tungsten. 

Microhardness  measurements  confirm 
this  finding.  The  average  hardness  value 
of  390  VHMjoo  (384  -  404  range)  of  the 

-85%  dense  tungsten  compares  favorably 
with  that  of  conventionally-sintered 
tungsten,  in  which  values  of  90-320  VHN 
are  obtained  (17) .  These  values  depend 
upon  density,  particle  size,  and  degree 
of  cold  woric.  The  high  hardness  observed 
in  the  gel-based  tungsten  may  be 
attributed  to  the  fine  scale  of  the 
microstructure  and  its  uniformity,  and  to 
the  strong  three-dimensional  connectivity 
developed  within  the  consolidated  mass. 
Post-pulse  cooling  under  an  applied 
pressure  may  also  provide  a  hardening 
contribution  due  to  enhanced  dislora^ 
density. 


In  Fiquio  4,  the  apparent 
os'iontation  of  tlio  W-Ni-Fe  matrix  is 
attributed  to  flow  01  the  material  under 
pressure  during  the  transient 
1  iquid-phase-as.sisted  consolidation.  The 
three  microscopic  features  observed  are 
the  1140,  W  .and  the  W-Ni-Fe  eutectic. 

XKD  an.a lyses  of  the  phases  present  in 
the  high-density  processed  composite 
rovo.al  the  re.'iction  products  to  be  a 
s-.';  les  of  complex  carbides  and  borides, 
when  sufficient  energy  is  delivered  to 
beginliquid-phaso-assisted  densification. 
The  lines  indexable  in  a  10  to  80  degree 
two-theta  scan  for  the  W-Ni-Fe/B4C  system 

after  liquid-phase  assisted  consolidation 
i nc 1 udes  W  (110),  (200),  (211),  W2C 
(021), (002), (121), (102), (321),  (302),  FeWB 
(001), (112),  W2B(110),  (002), (200),  (211), 
F03C  (101),  FegWgC  (660),  (822)  and 
Ni4B3(211),  (410),  (403),  (013).  The 
1  n t e r met a  1 1 ic  F07Wg  (119)was  also 

observed.  The  elemental  Fe  and  Ni  were 
fully  reacted.  These  phases  were  not 
observed  in  the  material  consolidated 
completely  in  the  solid  state,  where  thd 
maximum  applied  pressure  of  420  MPa  was 
insufficient  to  produce  full 
densification. 


Fi g . 4 ■  SEM  photomicrograph  of  an  etched  radial  cross-section  of  a 
(W-Ni-Fe) /B4C  composite  -specimen  produced  with  an  energy  input  of 

4000  lcJ/)cg  under  420  MPa  applied  pressure.  Full  density  is  obtained 
by  the  evident  flow  of  the  W-Ni-Fe  eutectic  matrix. 
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Several  of  the  carbide-forming 
reactions  are  highly  exothermic,  and  once 
triggered,  these  reactions  which  occur 
at  multiple  and  distributed  interface 
nodes  can  be  expected  to  maintain  the 
high  temperature  developed  in  the  early 
stages  of  the  processing.  Indeed  this 
processing  cycle  then  takes  on 
characteristics  similar  to  those  observed 
in  Self-Propagating  High-Temperature 
Synthesis  of  ceramic  phases  (18) .  The 
reaction  products  so  derived  effectively 
transform  the  nature  of  the  composite 
material  by  introducing  the  attributes 
of  the  in-situ  composites,  in  which  the 
reinforcing  phases  are  produced  during 
processing. 
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DEVELOPMENT  AND  CONTROL  OF  MICROSTRUCTURE  IN  P/M  TUNGSTEN  BY 
SYNTHESIS  AND  REDUCTION  OF  TUNGSTEN  TRIOXIDE  GELS 
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D.L.  Bourell,  Z.  Eliezcr,  and  H.L.  Marcus 
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Abstract 

Tungsten  trioxide  gels  produced  from  acidic  solutions  of  sodium  tungstate  have  been 
investigated  as  precursor  materials  for  submicron  metallic  tungsten  particles.  Temperature 
and  pH  control  in  the  gel-producing  step  leads, to  the  nucleation  and  controlled  growth  of 
tungsten  trioxide  particles  down  to  50  nm  size.  Gels  of  stoichiometric  and  non-stoichiometric 
compositions  have  been  studied.  100  nm  metallic  tungsten  particles  are  obtained  through 
rapid  reduction  in  dry  hydrogen.  These  particles  have  been  consolidated  to  produce  dense, 
ultrafme-grained  compacts,  'fhe  consolidation  is  accomplished  by  use  of  high-energy  high- 
ratc  processing  driven  by  a  homopolar  generator.  The  consolidation  response  of  these 
laboratory-synthesized  powders  has  been  compared  to  that  of  commercial  high-purity 
tungsten  powders.  X-ray  diffraction  and  electron  microscopy  were  employed  in  the  structure 
characterization.  .Microhardness  and  electrical  conductivity  were  used  in  the  property 
evaluation.  L’ltrafine  grain  sizes  (<  2  pm)  are  retained  in  the  high-energy  high-rate 
consolidated  tungsten  derived  from  a  gel  base.  Microhardness  is  higher  than  that  of 
commercial  wrought  materials.  Hardness  improvement  is  attributed  to  the  high  degree  of 
connectivity  and  Hall-Petch  hardening. 


Thi.s  research  was  supported  by  D.ARP.\;.AR()  Contract  D.\AL03-87-K- 
0073  and  bv  the  Texas  .Advanced  Research  Program  Grant  #  4357. 
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A  new  P/M  processing  route  has  been  employed  to  produce  ultrafine-grained  tungsten.  It  is 
obtained  by  integration  of  the  chemical  and  the  mechanical  metallurgy  .  In  this  paper  we 
focus  on  the  development  and  control  of -powder  particle  dimensions,  with  particular 
emphasis  on  the  piepvation  and  characterization  of  the  precursor  species :  tungstic  acid  gels. 

Tungsten  trioxide  is  an  intermediate  product  in  the  conversion  of  tungsten-bearing  ores  into 
tungsten  powders.  In  its  hydrated  form,  also  called  tungstic  acid,  it  may  be  prepared  as  an 
aquagel.  This  was  demonstrated  by  Kistler  in  1932  (I).  A  gel  structure  can  be  converted  into 
a  solid,  low-density,  highly  porous  form  described  as  an  aerogel  (2,3).  Such  a  conversion 
can  be  achieved  by  a  series  of  fluid  substitutions  in  the  solid  network.  An  alcohol -for- water 
substitution  converts  the  aquagel  into  an  alcogel.  Later,  liquid  carbon  dioxide  replaces  the 
alcohol.  When  the  liquid  carbon  dioxide  is  removed  by  critical  point  drying,  an  aerogel 
results.  This  aerogel  is  an  uncollapsed,  open-structured  form  of  tungsten  trioxide  with  a  bulk 
density  of  less  than  ten  percent.  Tungsten  trioxide  in  aerogel  form,  containing  sub-particles 
with  50  nm  dimensions,  provides  a  highly  flexible  precursor  for  efficient  reduction  to 
ultrafine  tungsten  powder. 

Powder  metallurgy  approaches  seeking  to  define  fundamental  material  behavior  require 
materials  with  well-defined  and  controlled  characteristics.  Among  these  are  purity,  uniform 
size,  and  predictable  morphology.  Wet  chemical  processing  using  sol-gel  methods  makes  the 
preparation  of  such  powders  feasible.  In  a  P/M  processing  sequence,  such  powders  enable 
the  production  of  homogeneous  compacted  preforms,  rapid  sintering  at  relatively  low 
temperatures,  and  novel  possibilities  for  grain  growth  control,  when  compared  to  powders 
with  sizes  and  size  distributions  made  by  conventional  methods. 

The  solid  state  powder  processing  described  in  this  study  emphasizes  the  characteristics  of 
tungstic  oxide  aerogel  to  metallic  tungsten  powder  conversion,  and  the  subsequent  rapid 
consolidation  of  this  tungsten  powder  by  high-energy,  high-rate  consolidation  processing. 


Experimental  Procedure 


Materials 

The  starting  material  for  tungsten  preparation  in  this  study  was  crystalline  sodium  tungstate. 
It  was  supplied  by  the  Alfa  Products  Div’n  of  Morton  Thiokol.  Reagent  grade  hydrochloric 
acid  was  used  for  acidification  of  sodium  tungstate. 

Preparation  of  Tungsten  Trioxide 

Tungsten  trioxide  was  prepared  in  crystalline  and  in  gel  forms  by  the  controlled  acidification 
of  sodium  tungstate.  Control  of  pH  and  temperature  led  to  the  synthesis  of  the  material  in  gel 
form  using  0.25N  hydrochloric  acid  at  298K.  The  first  step  in  the  preparation  of  the  tungsten 
trioxide  gel  was  the  dissolution  of  S'odium  tungstate  in  a  dilute  0. l.N  hydrochloric  acid  at 
room  temperature.  This  solution  -was  further  acidified  until  streaks  of  the  white  tungstic  acid 
gel  were  observed.  Upon  further  acidification,  a  light  yellow  gel  was  precipitated  in  a  sodium 
chloride  solution.  The  gel  was  ihen  filtered  and  'vashed  in  flowing  distilled  water.  The 
simple  chemical  reaction  is: 


.Na2W04  ♦  2HCI  — >  WO,  .H;0  -  2NaCl. 


.A  number  of  gels  were  prepared  using  fifty-gram  batches  of  sodium  tungstate,  .Some 
preparations  of  the  aquage!  were  c-mvened  into  alcogels  by  an  alcohol-for-water  substiiuiion. 
These  alcogels  w'cre  later  processed  into  aerogels  by  critical  point  drying  using  carbon 
dioxide.  Samples  of  the  gels  were  taken  for  particle  size  characterization  and  for 
thermogravimetric  analysis.  The  remainder  was  placed  in  alumina  and  in  copper  boats  for 
hydrogen  reduction. 
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Hydrogen  reduction  was  performed  by  flowing  hydrogen  through  a  SO  mm  diameter  x  1.2  m 
long  quartz  tube  containing  the  gel-fllled  boats.  The  tube  was  placed  in  a  three-zone  tube 
furnace  operated  at  1 123K.  A  hydrogen  flow  rate  of  40  ml/min.  was  maintained  for  I  hour  to 
achieve  complete  reduction. 


Powder  Consolidation 

Advances  in  kinetic  energy  storage  devices  have  opened  up  a  new  approach  to  high-energy, 
high-rate  (HEHR)  powder  processing  of  refractory  metals.  The  processing  consists  of 
internal  self-resistance  heating  of  a  customized  powder  by  a  fast,  high-current,  electrical 
discharge  of  a  homopolar  generator.  The  high-energy  high-rate  "  IMJ  in  Is"  pulse  permits 
rapid  heating  of  a  conducting  powder  in  a  cold  wall  die.  This  short  time  at  temperature 
approach  offers  the  opportunity  to  control  phase  transformations  and  the  degree  of 
microstructural  coarsening  not  readily  possible  using  standard  powder  processing 
approaches. 

The  underlying  fundamental  approaches  to  high-energy  high-rate  processing  have 
been  described  elsewhere  (4).  The  general  details  of  the  experimental  apparatus  and  the  pulse 
characteristics  have  also  been  reported  (5).  The  technique  has  been  employed  previously  in 
the  processing  of  the  refractory  metal  alloy,  Mo-TZM,  and  for  W-Ni-Fe  +  B4C,  Ni-Mo  + 
M0B2,  Cu-Graphite,  and  (Ti,Nb)3Al  based  composites  (4-10). 

In  this  study,  50g  quantities  of  the  gel-based  tungsten  were  loaded  into  insulated  die 
cavities  between  tungsten  electrodes.  Pressures  between  210  and  420  MPa  were  applied,  and 
the  compacts  were  rapidly  heated  by  a  homopolar  generator  pulse  discharge.  Disks  with 
diameters  of  25  mm  were  produced.  Specific  energy  inputs  ranged  from  2000  kJ/kg  to  7000 
kJ/kg. 

Microstructure  Evaluation 

Standard  metallographic  procedu’-es  were  employed  in  the  preparation  of  radial  cross 
sections  of  the  consolidated  materials.  Sectioning  required  the  use  of  water-jet  machining. 
Vickers  microhardness  measurements  were  performed  at  room  temperature  to  determine  the 
degree  of  microstructural  homogeneity. 

X-ray  diffraction  analyses  were  performed  on  a  Phillips  diffractometer  fitted  with  a  Cu  tube 
and  a  graphite  monochromator.  Powder  samples  were  held  onto  a  glass  slide  with  double¬ 
sided  adhesive  tape.  Sufficient  powder  was  used  so  that  no  signal  was  detected  from  the 
glass  slide.  A  JEOL  35C  SEM  with  EDS  and  WDS  capability  was  employed  for  powder 
particle  chacterization  and  for  densiftcaiion  studies.  A  2C)0kV  JEOL-200CX  instrument  was 
used  in  the  TEM  studies  of  the  xerogel  and  the  metallic  powder  product.  Drops  of  a  0.01 
percent  solution  of  the  alcogel  were  placed  on  holey  carbon  grids  and  vacuum  dried  for  gel 
particle  size  and  contiguity  characterization. 


Results  and  Discussion 

Thermogravimetric  analyses  of  aquagels  and  alcogcls  indicate  that  these  gels  arc  fully 
converted  to  xerogels  at  420  K.  There  are  distinct  mass  losses  assesriated  with  evap<.<ration  of 
ethyl  alcohol  (bp  =  .s.''2K).  the  removal  of  adsorbed  and  interstitial  water,  and  the  loss  ol 
water  of  hydration  from  the  tungstic  acid  |  \NO.^  .  x  1120.  (  0..'.'  <  x  <  2.0d.  Post  TGA 
powder  X-ray  diffraction  patterns  were  compared  to  the  standard  pattern  obtained  tor 
crystalline  tungstic  acid  (CAS  -  778?  -  U.?  •  1.  .Aldrich  Chemical  Co..  .Niilwaukee.Vs'l.).  Peak 
broadening  was  evident  in  the  gel  patterns  asscviated  with  scattenng  b>  fine  panicles. 
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Figure  1-  SEM  Photomicn^ph  of  a  tungstic  acid  aerogel.  Submicron  particle  clusters  are 
evident  in  the  highly  porous  microstructure. 


Figure  I  shows  an  SEM  photomicrograph  of  the  tungstic  acid  aerogel.  Individual  submicron 
clusters  arc  evident.  These  clusters  arc  crosstinked  into  a  ihrcc-dimcnsionally  continuous 
structure.  The  aerogel  is  extremely  fragile,  and  its  low  density  demands  careful  handling  to 
avoid  breakup. 


Hydrogen  Reduction 

The  reduction  procedure  performed  at  112,^K  for  .^600s  in  dry  hydrogen  yields  metallic 
tungsten.  X-ray  diffraction  studies  indicate  that  the  crystalline  oxide  level  is  below  the 
detection  limit.  However,  an  adsorbed  oxygen  layer  is  a  potential  contaminant  due  to  the  large 
surface  area/unit  mass  of  the  reduced  powders,  (estimated  value  3-10  m^/g).  Transmission 
electron  microscopy  confirms  the  -l(X)  nm  average  dimension  of  the  reduced  metallic 
tungsten  particles. 

Figure  2  is  a  TEM  photomicrograph  of  a  cluster  of  these  particles.  The  individual  particles 
appear  to  be  single-  or  bi-crystals.  The  appearance  of  the  metallic  tungsten  cluster  suggests 
that  the  reduction  mechanism  is  that  described  by  Cheney  (1 1)  as  Process  1.  This  is  a  gas- 
solid  reaction  process  that  results  in  tungsten  particles  nucleated  within  the  precursor  oxide 
skeleton.  For  these  gel  precursors.  Process  I  appears  to  be  favored  over  the  "vaporization- 
reduction  process  ’,  which  is  the  competing  reduction  process.  The  detailed  characterization 
of  the  reduction  processes  that  occur  as  crystalline  tungsten  trioxide  is  converted  to  metallic 
tungsten  is  the  subject  of  numerous  studies  (12-15),  the  results  of  w  hich  do  not  appear  to  be 
definitive 

The  factors  which  affect  the  post-reduction  size  of  metallic  tungsten  particles  are  incoqxsrated 
:nto  Parsons'  empirical  equation  1 16).  They  include  the  bulk  density  of  the  oxide  powder,  the 
particle  size  of  the  oxide  powder,  the  reduction  time,  the  bed  depth,  and  the  reductiim 
temperature.  The  refinement  in  microstructure  through  the  use  of  .50  nm  tungsten  tru-xide  in 
ucrogel  form  therctiire  has  a  suong  elTeit  on  the  reduction  kinetics,  due  to  the  low  hulk 
density  and  small  partiele  size.  Furtheniore.  the  ease  with  which  the  reducing  gas  Hows 
thnsugh  the  structure,  and  the  ability  to  sweep  out  the  water  sapor,  which  is  the  gaseous 
reaction  prfyjuct.  appear  to  fas  or  the  improved  rcductmn  respimse  of  these  gels. 
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Figure  2-  TEM  Photomicrograph  of  metallic  tungsten  particle  cluster  obtained  by  hydrogen 
reduction  (i  123K  /  360()s)  of  a  tungstic  acid  gel. 

Convolidalion  Parameters 

The  pnxressing  parameters  usee.  Issr  these  initial  eonsojidation  e.xpenmenis  on  each  of  these 
ssstems  \sere  derised  fiom  parameter  sets  presimisly  dese!s>pcd  tor  commercial  tungsten 
psssders  (17).  The  inherent  assumption  is  that  beyond  a  set  electrical  cc»nductisity  threshold, 
the  pulse  resistise  heating  under  pressure  would  prc»v:de  rapid  densificaiis>n.  The  most 
identifiable  solid  state  densificatK.n  mechanism  :s  p«>\sder  fsirging. 
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Extrapolations  of  experimental  heating  and  cooling  rate  data  indicate  fcaturci  of  the 
thermal  history  during  consolidation.  The  healing  rale  is  in  the  10^  to  ICr  K/s  range,  and  the 
peak  temperature  is  *2500  K,  The  total  time  at  T  >  0.5  Tm  is  less  than  10  s.  This  duration  is 

largely  controlled  by  the  effectiveness  of  conductive  heat  extraction  fron  the  surfaces  of  the 
consolidated  disk  through  the  electrodes  to  the  massive  (10  kg)  cold  copper  platens. 


Microstructure/ProjXTly 

The  gel-based  tungsten  was  rapidly  densified  to  -85  %  density  in  a  single  energy  pulse.  This 
dcnsification  response  may  be  associated  with  the  increase  in  total  resistance  derived  from 
the  now  numerous  interparticic  contact  resistances.  In  this  simple  single-phase  material,  the 
primary  microstructural  parameters  of  interest  arc  the  fineness  and  uniformity  of  the 
microstructurc.  Microhardness  measurements  indicate  property  improvements.  The  average 
hardness  value  of  390  VHN500  (384  -  404  range)  of  the  -85%  average  density  tungsten 
compares  favorably  with  that  of  conventionally-sintered  tungsten,  in  which  values  of  90-320 
VH.N  arc  obtained  (17).  These  values  depend  upon  density,  particle  size,  and  degree  of  cold 
work. 

The  SEM  micrograph  in  Figure  3  indicates  that  sufficient  connectivity  is  developed  in  the 
HEUR  powder-consolidation-processed  gel-based  tungsten  to  produce  plastic  flow.  This  is 
evidenced  by  the  curvature  of  the  surface  on  the  pcrimentcr  of  the  hardness  impression.Thc 
high  hardness  observed  in  the  gel-based  tungsten  may  be  attributed  to  the  fine  scale  of  the 
microstructure  and  its  uniformity,  and  to  the  strong  three-dimensional  connectivity  developed 
within  the  consolidated  mass.  Post-pulse  cooling  under  an  applied  pressure  may  also  provide 
a  hardening  contribution  due  to  enhanced  dislocation  density. 


Figure  .'-  SFM  Photoinicroyraph  of  a  Diamond  Pyramid  Indenter  impression  (.^(X)g  ioad> 
in  the  >.hori-trans\er:c  crO"-'>eci!on  of  a  ecmsolidated  tungsten  disk.  The  2.^mm 
disk  was  eon.sol:d.ited  to  .i  density  of  theoretical  by  high-e-nergy  high-.'-aie 
powder  t(*r.soiid.ii!on  processing  of  powders  prepared  fr  >  ;.."'gs:,e  acid  gel. 
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Conclusions 


( 1 )  Tungstic  acid  gels  containing  SO  nm  particles  have  been  prepared  by  precipitation 
from  a  sodium  tungstate. -Control  of  pH  and  temperature  permits  the  synthesis  of  a  gel 
form  rather  than  a  crystalline  aggregate. 

(2)  The  tungstic  acid  aquagel  produced  by  wet  chemical  processing  has  been  converted  to 
the  aerogel  form  by  critical  point  drying.  This  dry,  open-structured  form  of  tungsten 
trioxide  alters  the  hydrogen  reduction  kinetics. 

(3)  100  nm  tungsten  powder  particles  have  been  prepared  by  hydrogen  reduction  of  these 
•  tungstic  acid  gels. 

(4)  The  100  nm  tungsten  powder  particles  made  by  this  method  are  well-suited  to 
consolidation  by  pulse  self-resistance  heating.  Tungsten  disks  consolidated  this  way 
have  microhardness  values  higher  than  conventionally  sintered  material. 
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.Ab<^lract 

Tungxten  and  lunqsten-based  hea\y  alloys  are 
well  knoixn  for  their  superior  mechanical  prop¬ 
erties  at  elevated  temperatures.  However,  tin- 
Jhyed  tungsten  is  dilftcult  to  consolidate  owing  to 
its  eery  high  melting  temperature  1 3683  Kj.  The 
additions  of  small  amounts  of  low-melting  ele¬ 
ments  such  as  iron,  nickel,  cobalt  and  copper, 
facilitate  the  powder  proce.ssing  of  dense  heaxy 
alloys  at  moderate  temperatures. 

Energetic  high-current  pulses  have  been  used 
recently  for  ponder  consolidation.  In  this  paper, 
the  use  of  a  homopolar  generator  as  a  poxver 
.wurce  to  consolidate  selected  tungsten  and 
ningsten-based  alloys  is  e.xamined.  Various  mate¬ 
rials  were  consolidated  including  unalloyed  tung¬ 
sten,  \V-.\'b.  \V-.\i.  and  tungsten  heaxy  allox  with 
boron  carbide.  The  effect  of  process  parameters 
<iu  h  as  pre.ssun  and  spectpc  energx-  input  on  the 
con.'^.  didation  of  different  alloy  sxstems  is  descr.bed 
in  lerms  of  mtcrosintcture  and  proper^  re’.a- 
ttoaxhips. 

l.  In'roduclion  and  background 

.Man\  researchers  .1-5;  have  empkned  elecinc 
currents  as  a  heat  source  to  con.solidate  po'sders 
<)!  dilYcrent  all;n  systems  including  tung'ien. 
Grcen.sp.in  .2.  c.in.solidaied  elemental  tungsten 
powder  using  current  den,>ities  ranging  from 
to  -■■.5  .\l.-\  m '  -  to  a  ma.vimum  density  of  >  of 
the  theoretical  density.  Near-theoretical  densitie.s 
were  achieved  with  alloy  additions  of  iluininum 
and  iitanium.  The  processing  time  was  I'>  niin.  .A 
banV:  of  d.c.  generators  was  the  power  source  for 
tticNC  impul>e  'intering  espenment.s. 

The  power  source  used  in  the  present  research 
was  a  id  .\IJ  disk-type  homopolar  generator  The 
homopolar  generator  HPG  is  an  electric 

m. whine  that  converts  rotational  kinetic  energy 

t  -jii  s.'  ,'i> 


into  electric  energy  using  the  well  known  Faraday 
effect.  It  is  a  low-voltage,  high-current  ''approxi¬ 
mately  300  MA  m"'  device  that  applies  high- 
energy  pulses  for  a  very  short  time  [6-8}. 

High-energy,  high-rate  !HEHR;  consolidation 
of  powders  employing  the  homopolar  generator 
as  a  power  source  has  definite  advantages  over 
conventional  powder  metallurgy  techniques. 
Since  the  energy  is  delivered  in  a  short  time 
about  1  -3  s  -.  this  pnKessing  technique  offers  the 
opportunity  to  preserve  the  microstructure  asso¬ 
ciated  with  the  original  powders  in  the  consoli¬ 
dated  material.  Secondly,  because  of  high  film 
and  contact  resistances  and  the  associated  pulse 
Joule  healing  effect,  the  energy  depo.sition  is 
concentrated  at  the  interparticle  contacts.  .Also, 
the  die  set-up  used  in  this  process  operates  in  a 
cold  wall  configuration  that  assists  in  accelerated 
cooling  of  the  compact  after  the  current  pulse  is 
discharged. 

.A  wide  vanety  of  alloys  has  been  succe.sjfully 
consolidated  using  this  HEHR  technique.  .Among 
them  are  .Mo-TZNl  alloy  9;.  nickel-based  metal¬ 
lic  glass  .Metglas'  10'.  a  Cu-graphite  metal- 
mairi.\  compoMit-  11.  and  .Al-SiC  metal-maiax 
composites .  1 


2.  Experimental  procedure 

3.1.  Consolidation  wt-up 
.A  schematic  sketch  of  the  e.xperimenial  set-up 
I.S  given  in  Fig.  1.  The  backing  ring  vvas  u.sed  to 
prevent  the  Npreading  of  the  die  liner,  which 
cracks  during  the  application  of  presvure  and 
subsequent  discharge  of  the  pulse.  Usually,  this 
backing  ring  was  made  of  plain  carbon  or  stain¬ 
less  steel.  The  materials  used  for  sleeves  were  alu¬ 
mina  or  S>roM!ic.'.te  glass.  The  electrode'  used  in 
this  research  were  usually  made  from  ETP 
copper  or  3l'4  oainiess  steel.  Die  insens,  in  the 

4  E’'0'-ier  PnnwJin  The  VoihcrijnC' 
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form  of  foils  or  disks,  were  placed  between  the 
electrodes  and  the  compact.  The  diameter  of  the 
insert  was  equtil  to  that  of  the  electrodes.  The 
inserts  were  molybdenum,  niobium,  or  stainless 
steels  foils,  or  molybdenum  disks. 

The  specific  energ>'  input  (SEI)  is  the  amount 
of  energy  in  kilojoules  per  kilogram  of  the 
powder  mass  placed  between  the  electrodes 
during  a  consolidation  process.  This  was  calcu¬ 
lated  using  oscillographically  recorded  current 
and  voltage  time-traces.  The  power,  at  any 
instant,  was  calculated  as  the  product  of  the  cur¬ 
rent  and  the  voltage.  The  total  energy  input  was 
obtained  as  the  integral  over  the  total  duration  of 
the  pulse  discharge. 

2.2.  .Materials 

Powders  from  different  sources  were  obtained. 
Particle  sizes  of  the  powders  and  proponion  of 


each  constituent  in  the  blend  are  given  in  Table  1. 
Three  different  tungsten  powders  were  used. 
Coarse  powder,  having  a  minimum  particle  size 
of  3  /rm  and  a  maximum  particle  size  of  150  urn. 
was  obtained  from  the  Aesar  division  of  Johnson 
and  .Vlatthey  Company.  .MA.  This  powder  was 
99.98%  pure  and  was  prepared  by  a  proprietary 
precipitation  process  (13).  The  particles  were 
angular  as  shown  in  Fig.  2.  Niobium  powder  was 
obtained  from  the  .^esar  division  of  Johnson  and 
.Vlatthey  Company.  MA.  This  powder  was  manu¬ 
factured  by  a  proprietary  precipitation  process 
|13J.  The  minimum  p.irticle  size  was  10 //m  and 
the  ma.ximum  particle  size  was  250  urn.  This 
powder  was  99.8%  pure  and  was  used  in  pure 
niobium  and  \V-.\'b  elemental  blends.  A  scanning 
electron  micrograph  is  shown  in  Fig.  3. 

The  second  variety  of  powder  was  obtained 
from  Los  Alamos  .National  Laboratories.  NM. 


Kfj  :  Schcmaiio  jwijram  of  the  htjh-eneres.  hish-raie  Fia.  ^  Scannins  oleeiron  micrograph  of  as-receiteJ  coarse 
p<‘we.-r  proci-,Mnj;  'ci-up  luncMcn  pitwder  .-Xoar .  The  while  bar  represents  It'i*  <im. 


T  \8L£  1  Particle  ^iee  and  cimsiiltiiion  of  the  powders  used  in  this  research 
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Fig. Scanning  electron  micrograph  of  as-received  niobium 
powder  ’.Vsar .  The  white  bar  represents  100  urn. 


Fig.  5.  Scanning  electron  micrograph  of  as-received  fine 
tungsten  powder  GTE  .  The  white  bar  represents  I  urn. 


F'g.  -s  Scanning  electron  micrograph  of  as-receised  fine 
tungsten  powder  LAN'L  .  The  wr.iie  bar  represents  I  um. 


The  minimum  particle  size  wa.s  0.5  um  and  the 
ma.ximum  particle  size  was  1 '  um.  The  reponed 
purity  was  99.9%.  minimum.  The  particles  were 
angular  with  equiaxed  .shape  as  .shown  in  Fig.  4. 
This  powder  was  deoxidized  in  hsdrogen  at 
ilIJ  K  for  1-h  before  consolidation  and  wa.s 
consolidated  in  a  glove  bag  with  two  soft  copper 
disk  patches  attached  to  the  bag  to  facilitate  the 
pa -'age  of  the  electric  pubc  thnsugh  the  pt'wder 
mu'' 

The  third  type  of  tungsten  powder,  obtained 
irom  GTE  Products,  was  muinlv  used  for  consoli¬ 
dating  \\-Ni  alloys.  Thi-  powder  was  99.o"'*o 
pure  The  minimum  particle  size  was  1  um  and 
the  m.^\lmum  particle  size  was  15  um  with  most 
of  the  particles  lying  in  tne  range  1-4  um. 


scanning  electron  micrograph  of  the  a.s-recei\ed 
powder  is  shown  m  Fig,  5.  Nickel  was  c '  ted 
onto  this  tungsten  powder  using  the  method  of 
hydrogen  reduction  of  nickel-nitrate-coated  tung¬ 
sten  [14j.  A  precalculated  quantity  of  hydrous 
nickel  nitrate  was  mi.xed  with  tungsten  powder  in 
water  and  heated  to  363-368  K  to  evaporate  the 
water,  thus  leaving  a  nickel  nitrate  coating  on  the 
tungsten  powder.  The  coated  powder  mass  wa> 
subsequently  reduced  in  a  hydrogen  atmosphere 
at  873  K  for  1  h.  The  resultant  alloy  powder 
contained  tungsten  coated  with  1-3  wt.®'o  metallic 
nickel. 

.A  founh  matenal  consisting  of  a  pre-mLxed 
blend  of  W-Ni-Fe  -  B^C  heavy  alloy  with  boron 
carbide  was  obtained  from  Los  .Alamos  National 
Laboratories.  NM.  Its  constitution  is  given  in 
Table  1. 

3..'  Clutntaenzanon  j/iJ  evoluaiion 

■A  JEOL  35C  scanning  electron  micro.'scope 
equipped  for  energy -dispersive  spectroscopy 
EDS  and  wavelength-dispersive  .spectro'copy 
\\  DS  wa.s  Used  for  the  preliminary  esaluation  .if 
the  as-received  powders,  microstructure  of  the 
consolidated  compacts  and  fractography.  Mura¬ 
kami's  etchant  was  U'ed  for  revealing  the  micro- 
vtructure.  .X-ray  diffraction  analysi.s  was 
pcrivirmed  using  a  Phillips  diffractometer  fitted 
with  a  copper  target,  graphite  monochromator, 
-ind  a  nickel  filter. 

The  densitie.s  of  the  compacts  were  deter¬ 
mined  using  both  an  immersion  technique 
.AS.ME  PTC  l'^-o5  .md  lineal  analysis  of 


photomicrographs.  The  latter  method  was  used 
when  the  compacts  could  not  be  separated  from 
the  electrodes.  Densities  measured  using  both 
techniques  of  pycnomeiry  were  checked  for 
accuracy  and  were  found  to  be  in  reasonably 
good  agreement  with  each  other. 

Specimens  were  prepared  for  hardness  evalua¬ 
tion  according  to  ASTM  standard  E  92-72  (15j. 
A  Wilson  Tukon  LR*  microhardne.ss  tester  with 
Vicker's  indenter  was  used  to  measure  hardness 
values.  A  load  of  0.5  kg  was  applied. 

For  fractographic  analy.sis.  square  rods  (2  mm 
X  2  mm,‘  were  machined  from  the  central  sections 
of  the  consolidated  compacts.  These  specimens 
were  fractured  by  bending  at  room  temperature. 
The  fractured  surfaces  were  analyzed  using 
scanning  electron  microscopy.  A  brief  summary 
of  the  systems  that  are  discussed  with  their 
respective  properties  is  given  in  Table  2. 

3.  Results 

Mkroitweture 

3.  LI.  Puretungiien 

Tungsten  compacts  were  con.solidated  with 
either  fine  or  coarse  elemental  powders.  micro¬ 
graph  of  a  fine  powder  compact  ■  A 1  is  shown  in 
Fig.  6.  As  is  evident  from  the  scanning  electron 
micrograph,  some  deformation  occurred  at  inter¬ 
panicle  contacts;  however,  there  was  no  substan¬ 
tial  densification.  The  density  was  measured  to  be 
T5‘”o  of  the  theoretical  density.  The  total  SEl  was 
4150  kJ  kit"'  and  the  applied  pre.ssure  was 
210  MPa.' 

The  microstructure  of  the  as-received  coarse 
tungsten  powder  is  shown  in  Fig.  7.  The  grain  size 
ranged  from  5  um  to  100  .«m.  The  compact  A2 


Fia.  6.  Scanning  electron  micrograph  of  a  diametral  cros<- 
Mtction  of  the  compact  .A  I  consolidated  from  deoxidized  tine 
tungsten  powder  LA.NL .  This  compact  was  etched  with 
.Miirakami's  reagent. The  white  bar  represents  I  am. 


Fig.  ■  Microvtrueture  of  as-receised  coarse  tungsten 
powder  .Jiesar ,  The  etchant  used  was  Murakami’’'  teagent. 
The  white  bar  represents  10  am. 


TABI.E  2  Summers  of  the  systems  studied  in  this  research  and  iheir  respectiie  pruperties 
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wa*:  priKessed  with  coarse  lung'.ten  powder  at 
210  MPa  and  750  kJ  kg' After  consolidation,  it 
was  apparent  that  the  ends  of  the  compact  were 
inHItrated  by  copper.  The  density  was  mea.sured 
to  be  98%.  The  compact  comprised  a  central  cast 
region,  a  paniculaie-traasition  region,  and  a 
copper-infiltrated  end  zone. 

The  micrograph  shown  in  Fig.  8  depicts  a 
magnified  image  of  the  cast  region,  which  was  at 
midradius  from  the  center  of  the  compact.  This 
cast  region  reveals  a  columnar  grain  structure 
after  heavy  etching.  The  tungsten  particle.s  in  the 
copper-infiltrated  region,  in  Fig.  9.  were  sintered 
and  surrounded  by  copper. 


Another  compact  .A.'  was  processed  with 
coarse  tungsten  powder  at  210  MPa  and  1800  kJ 
kg'*.  The  microstructare  at  the  center  of  this 
compact,  shown  in  Fig.  it),  revealed  that  tungsten 
was  not  melted  and  the  pores  were  filled  with 
copper.  The  density  was  92°o. 

/  2.  T'ing}:tcii-iiii)bii<in  alloy 
Tungsten  and  niobium  powders  were  consoli¬ 
dated  using  several  parameters.  A  scanning 
electron  micrograph  of  the  50VV-50Nb  compact 
iBl)  processed  at  2 10  .MPa  and  10900  kJ  kg'  *  is 
show'n  in  Fig.  11.  The  light  areas  are  tung.sten 
particles  and  the  darker  matrix  is  niobium.  The 


niobium  appears  to  have  flowed  plastically  and 
encapsulated  the  tungsten  particles.  The  density 
was  94%.  Pores  were  present  at  the  W-Nb  inter¬ 
faces  in  all  the  compacts.  .Another  50\V-50Nb 
compact  iB2!,  that  was  processed  with  copper 
electrodes  instead  of  stainless  steel  at  a  lower 
energy  level  i3400  kJ  kg" ' .  reached  a  density  of 
76%. 

3. 1.3.  Tungsten  -nickel  alloy 

The  amount  of  nickel  coated  on  GTE  tungsten 
powder  in  this  re.search  was  1 .  2.  and  3  wt.%.  To 
study  the  effect  of  nickel,  other  parameters  such 
as  pressure  and  discharge  rate  were  maintained 
constant. 

Compact  Cl  was  processed  with  tungsten 
powder  coated  with  3  wt.°o  Ni,  at  420  .MPa  and 
14  250  kJ  kg"'.  The  density  of  the  compact  was 
98%.  The  microstructure  of  the  sample  revealed 
isolated  nickel  pools  at  the  center  of  the  compact. 
The  microstructure  of  Cl  at  a  nickel-rich  area  is 
shown  in  Fig.  12.  The  matrix  had  less  nickel  at 
the  edge  than  at  the  center  of  the  compact. 

.Another  compact  in  this  alloy  sy.stem  •C2  was 
processed  with  tungsten  povsder  coated  with  2 
wt.%  Ni.  The  microstructure  of  this  compact  is 
shown  in  Fie.  13.  The  density  of  the  compact  was 
97.3%. 

The  third  compact  C3  was  processed  with 
same  parameters  as  Cl.  e.xcept  the  tungsten 
powder  was  coated  with  1  wt.°'o  Ni.  Nickel  pools 
were  absent  and  nickel  was  found  to  be  uniformly 
distributed  throughout  the  compact.  The  density 


Fii;  1 Xlitfri'vsniciurtf  oi'  codipjc:  Cl  rexeahrii  'insereJ 
;ur.avitfR  p.ir!ii.!v\  in  a  nickci-nc.T  rjinx  The  Jjr’k.  ph.\se  is 
nickel  and  she  liehi.  maioniv  phj'e  luneMen  Thi' .  mpaci 
■aasuneiched  The  vshilc  *’ar  repre'enis  I'lam 


of  the  compact  wae  found  to  be  97%  of  the  theo¬ 
retical  density. 

3. 1.4.  Tungsten  lictuy  alloy  +  BjC 

These  compacts  were  processed  using  the 
prealloyed  blend  of  tungsten,  nickel,  iron  and 
boron  carbiue.  Compact  D1  was  proce.s.sed  at 
420  MPa  and  3810  kJ  kg''.  The  density  was 
measured  to  be  97'%.  The  micrograph  of  this 
compact  is  shown  in  Fig.  14.  This  micrograph 
reveals  tungsten  particles,  and  the  matrix  in  the 
form  of  shear-band-like  striations  along  different 
directions  within  the  compact.  The  EDS  analysis 
of  the  matrix  resealed  a  mixture  of  tungsten. 


Fic  IS  MicrO'iniciure  '!  compaci  C-.  revealing  largels 
siniered  lung'ien  panicle'  and  nickel  ai  the  pores.  This 
compact  «a'  uneiched  The  ahiic  har  represents  ID  «m 


F;g  Micro'tr'jC'ure  .1  > ’inpact  Dl  re'e-iling  the 
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nickel  and  iron.  The  average  composition  of  the 
matrix  obtained  from  different  locations  in  the 
matrix  was  85.1  wt.%  W.  10.3  wt.®/i>  Ni.  and  4.6 
wt.%  Fe.  Based  on  X-ray  spectroscopy,  the 
phases  identified  were  W.  W^C.  FeWB.  W;B. 
Fe^C.  Fe^jW^C,  and  NijB;.  The  intermetallic 
Fe-W^  was  also  observed  [16].  The  densitv  was 
97%. 

The  other  two  compacts.  D2  and  D3.  were 
processed  at  210  MPa  and  5740  kJ  kg"'  and 
4000  kJ  kg"'  respectively.  These  compacts  were 
solid-state  sintered  since  no  reaction  product 
could  be  identifled  from  the  X-ray  diff^raction 
pattern.  Densities  of  D2  and  D3  were  93%  and 
92.5®/o  respectively. 

S.2.  Mechanical  properties  and  fractography 

Hardness  values  of  ningsten  ranged  from  350 
to  500  K.  The  Vickers  hardness  '0.5  kg-  profile 
of  a  pure  tungsten  compact  cross-section  is 
shown  in  Fig.  15(ai.  The  hardness  profiles  for  the 
tungsten  heavy  alloy  with  boron  carbide  and 
W-Nb  alloy  are  shown  in  Figs.  15ib;  and  ISicj 
respectively.  From  Fig.  1 5.  it  is  apparent  that  the 
hardness  values  increase  from  the  edge  of  the 
compact  toward  the  center.  This  reveals  the 
inhomogeneity  arising  from  the  faster  cooling 
rates  on  the  edges  of  the  compacts,  both  longi¬ 
tudinally  and  laterally. 

The  spread  in  hardness  for  tungsten  Fig. 
1 5<  a  and  W-Nb '  Fig.  1 5'  c  is  not  as  e.'aensive  as 
was  observed  in  tungsten  heavy  alloy  Fig.  Ijibii. 
Funhermore.  the  absolute  hardness  values  for  the 
tungsten  compact  are  comparable  with  the  tung¬ 
sten  components  commercially  manufactured 
-.17.  18;  and  the  hardness  values  for  W-Nb  com¬ 
pacts  match  the  hardness  of  the  niobium  phase. 
The  tungsten  heavy  alloy  w  as  processed  at  signifi¬ 
cantly  less  specific  energy,  which  is  thought  to  be 
the  reason  for  the  large  hardness  gradient. 

The  variation  in  the  Vickers  hardness  numbers 
for  coarse  tungsten  powder  compacts,  with 
respect  to  the  specific  energy  input  is  shown  in 
Fig.  1 6.  Numbers  in  the  figure  denote  the  aserage 
values  of  the  hardness  over  the  entire  cross- 
section  of  the  compacts.  From  this,  it  can  be  seen 
that  the  hardne.ss  of  the  coar.se  tungsten  compact 
increases  with  the  specific  energv  input  to  the 
compact. 

The  iractograph  of  coarse  tungsten  compact 
.A2.  processed  at  210  MPa  and  about  'fOO  kJ 
kg"',  is  shown  in  Fig.  IT.  There  were  three  dis¬ 
tinct  rcgion>.  a  central-ca;.t  region,  a  particulate- 


transition  region,  and  a  copper-infiltrated  region 
with  sintered  tungsten  particles.  In  the  central 
cast  region,  where  no  prior-particle  boundaries 
were  found,  the  fracture  was  found  to  be  totally 
cleavage  fracture.  In  the  particulate-transition 
region,  where  weak  bonding  between  the  parti¬ 
cles  was  found,  a  crack  propagation  path  was 
evident.  During  consolidation,  there  was  also 
evidence  of  good  plastic  deformation,  repacking, 
and  reshaping  of  the  particles,  as  in  the  case  of 
powder  forging.  At  the  edges  of  the  compact,  the 
infiltrated  copper  matrix  failed  by  ductile  frac¬ 
ture.  whereas  the  sintered  tungsten  particles 
failed  by  transgranular  cleavage.  The  fractograph 
of  the  pure  tungsten  compact  A3  processed  at 
210  MPa  and  1800  kJ  kg' '.  also  showed  ductile 
failure  of  the  copper  matiix  and  cleavage  fracture 
of  tungsten  particles.  From  Fig.  18.  necks  were 
found  between  the  sintered  tungsten  panicles. 

The  fractograph  of  50W-50Nb  iB2)  processed 
at  2 10  MPa  and  3400  kJ  kg" '  Is  shown  in  Fig.  19. 
From  this  figure,  porosity  is  evident.  Panicles 
appeared  to  have  sintered  only  at  the  asperities. 
Upon  fracture,  the  interpanicle  contacts  ruptured 
because  of  the  absence  of  appreciable  bonding. 

A  densification  map  denoting  the  correspond¬ 
ing  density  for  a  panicular  pressure  and  SEI 
combination  for  different  svstems  is  given  in  Fie. 
20. 

4.  Discussion 

Compact  A2  Fig.  16  was  found  to  contain 
three  zones,  a  ca.st  region  at  the  center  of  the 
compact,  a  paniculate-transition  zone  ne.xt  to  the 
cast  region,  and  a  copper-infiltrated  region  with 
sintered  tungsten  panicles.  The  sequence  of 
events  that  occur  during  the  HEHR  process  are 
deduced  from  the  above  fractograph.  Upon  dis¬ 
charge  of  the  pulse,  the  temperature  reached  the 
melting  temperature  of  tungsten  3683  K  and  the 
center  of  the  compact,  the  hotte.st  pan.  was  cast. 
The  ne.xt  region  the  paniculate-transition  region 
on  the  fractograph  was  also  heated  but  the  ma.vi- 
mum  temperature  was  lower  than  the  center  of 
the  compact.  These  particles  were  plastically- 
forged  and  panly  sintered.  .As  the  paniculate- 
transition  zone  was  being  sintered,  the  tempera¬ 
ture  was  sufficient  near  the  copper  electrodes  for 
them  to  melt  and  infiltrate  through  the  compact, 
thereby  enabling  the  molten  copper  to  reach  the 
interface  between  the  paniculate-transition  zone 
and  the  copper-infiltrated  zone.  This  resulted  in 


64 


(a)  A2  HARDNESS  PROHLE  (a)  A2  HARDNESS  PROHLE 


RADIAL  DISTAN'CE  FROM  CENTER,  mm  AXIAL  DISTANCE  FROM  CENTER,  mm 


(b)  D1  HARDNESS  PROFILE  (b)  D1  HARDNESS  PROFILE 


radial  DISTANCE  FROM  CENTER,  mm  AXIAL  DISTANCE  FROM  CENTER,  mm 


(Cl  BI  HARDNESS  PROFILE  (c)  Bl  HARDNESS  PROFILE 


radial  DISTANCE  FROM  CENTER,  mm  AXIAL  DISTANCE  FROM  CENTER,  mm 

F'c  15  \  icsjr '  ".ar.lrcss  pronU-v  :or  a  pure  .A2  .  b  uinijvier.  h<;a\\  alK'>  *110  ajibidc  Dl  ,.u)d  ;  lunuvjon- 

.nioi'ium  B 1  mrJCl^ 
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Fij!.  16  Inlluonce  of  the  ^pccific  onere>  input  on  aecracc 
hardnos.  in  VHN.  for  compacts  consolidated  from  coarse 
tungsten  puvsder  Aesar . 


Fis.  I".  Fractograph  of  compact  Al  depicting  three  Jones: 
top.  central  cast:  centei.  particulate  transition:  bottom, 
sintered  tungsten  particles  with  copper  int'iliraiion  The  '*hiie 
bar  repr-’sents  100  urn. 


Fig  I't  Fr.ic:ograph  oi  compact  shossing  ductile 
dimple  rupiure  ot  c  'pper  arrow  .  and  ciea'age  tr.acture  at 
sintered  "une'ien  particiC'  c’rcie  ,  The  white  >'ar  represents 
10  .(H 


Fig.  19.  Fractograph  of  compact  B2  revealing  the  lack  of  any 
appreciable  bonding  between  tungsten  panicles.  The  arrow 
indicates  a  ductile  failure.  The  white  bar  represents  100  urn. 
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Fig  20  Densificaiion  map.  shown  as  vanatton  in  density 
with  applied  pressure  and  'pecinc  energs  input  for  different 
systems  studied  in  this  research.  The  density  values  are  gisen 
adjacent  to  the  corresponding  'alues  of  pressure  and  specific 
energy  input.  .An  astensk  indicates  that  molten  copper  infil¬ 
trated  the  compact  e.xtenstsely. 


rapid  conduction  of  thermal  energy  from  the 
then-sintering  particulate-transition  region, 
leaving  this  region  just  possder  forged.  In  the 
copper-infiltr.atcd  region,  the  tungsten  panicles 
were  sintered  esideiit  fiom  the  necks  possibly 
enhanced  by  the  actisator  role  played  by  the 
copper  in  the  ma.ss  transport  of  tungsten .  1 9-2 1  \ 

No  distinct  effect  of  pre.ssure  varied  from 
210  MPa  to  42'i  MPa  on  the  W-.Nb  compacts 
was  found.  However,  the  density  seemed  to 
increase  with  the  incre.rse  in  specific  energy  input 
B1  and  B2  . 

For  the  \V-2vvt.'\<.Ni  compact  'Cl  .  portions  of 
nickel  matroc  were  isv^latea  as  pools,  especially  at 
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the  center  of  the  compact.  This  may  be  due  to  the 
tendency  of  excess  liquid  to  decrease  the  total 
number  of  menisci,  resulting  in  a  reduction  of  the 
surface  free  energy.  This  occurs  in  the  early 
stages  of  liquid-pha.se  sintering  [22).  Also,  the 
rate  of  nickel  agglomeration  is  rapid  above  its 
melting  temperature  becau.se  liquid  nickel  can 
flow  along  capillaries  [23|. 

With  the  increa.se  in  nickel  content  from  1  to 
2  wt.%.  the  sintering  mechanism  changed  from 
W-W  to  Ni-Ni  sintering  (24,  25).  Near-theoreti¬ 
cal  densities  were  achieved  by  sintering  the 
compacts  at  1 773  K  for  1  h  in  hydrogen  atmos¬ 
phere  (24,  25].  When  these  conventional  pro¬ 
cesses  are  compared  with  HEHR  processing, 
HEHR  processing  achieves  the  same  density  with 
virtually  no  grain  growth  and  the  consolidation 
process  is  generally  complete  within  2-3  s. 

The  tungsten  heavy  alloy  with  B^C  is  a  classic 
example  of  liquid-phase  sintering  and  this  liquid 
phase  produces  a  large  amount  of  stress  resulting 
from  .surface  tension  (23,  26).  In  addition  to  this 
inherent  pressure,  an  external  pressure  is  applied 
in  the  HEHR  process.  This  has  been  termed 
•pr'issure-assisted  liquid-pha.se  sintering".  The 
phase  diagrams  of  the  quaternary  C-Fe-Ni-W 
(27j  and  the  ternary  Fe-Ni-W  (28)  alloys  are 
described  elsewhere. 

Bose  et  al  :29j.  German  et  al  [30j.  and  Bour- 
guignon  and  German  {3 1  j  report  that  a  eutectic, 
at  temperatures  slightly  over  1708  K.  e.xists  in  the 
W-Ni-Fe  ternary  system.  However,  no  such 
eutectic  seems  to  exist  at  that  temperature  for  an 
Ni;Fe  ratio  of  7:3  .2Sj.  However,  a  eutectic  does 
exists  at  about  1709  K  for  the  Ni-Fe  binary  alloy 
system  for  an  Ni:Fe  ratio  of  7:3  (32],  It  is  impor¬ 
tant  that  this  nickel  to  iron  rado  of  7 : 3  be  main¬ 
tained  to  eliminate  any  intermetallic  formation 
between  nickel  and  iron,  which  tends  to  embrittle 
the  heavy  alloy  by  segregating  along  the  grain 
boundaries,  thereby  resulting  in  intergranular 
fracture '31' 

In  the  compact  made  with  W-Nt-Fe-B.C.  a 
featureless  matrix  and  large  grains  exist,  as  has 
been  reported  by  Sheinberg  '33  .  The  hot  hard¬ 
ness  of  this  compact  seems  to  be  lii'‘..-20'^o 
higher  than  that  of  premium-grade  conseniional 
WC-Co  at  10“3  K.  The  onset  of  reactions  was  at 
1 1'3  K  for  tine  powders  and  12"3  K  for  coarse 
powders  (3-  . 

In  compact  Dl.  no  boron  carbide  was  found. 
The  elemental  iron  and  nickel  powders  seemed 
to  have  reacted  fully,  as  was  teponed  presiousK 


(33!  for  identical  material  processed  at  1473  K. 
From  the  X-ray  diffraction  pattern,  many  com¬ 
plex  borides  and  carbides  were  found.  The  boron 
carbide  seemed  to  have  reacted  completely  and 
the  resulting  complex  borides  and  carbides  were 
homogeneously  dispersed.  The  matrix  was  homo¬ 
geneous  with  the  W:Ni:Fe  ratio  being  appro.xi- 
mately  the  same  at  different  locations  in  the 
matrix.  This  process  has  the  characteristics  of 
"self-propagating  high-temperature  synthesis"  or 
"SHS"  (35).  SHS  is  a  reaction  where  an  e.xotherm 
is  involved,  thereby  liberating  thermal  energy. 
The  liberated  heat  helps  sustain  the  reaction  for  a 
longer  time  without  any  external  heat  input. 
These  reaction  products  were  not  observed  in 
compacts  D2  and  D3.  where  the  constituents 
seemed  to  have  undergone  solid-state  consolida¬ 
tion. 


5.  Conclusions 

'  1 !  Consolidation  of  coarse  tungsten  (100  /tin) 
to  98%  density  was  achieved  using  a  HEHR 
processing  technique. 

2 1  There  was  a  distinct  increase  in  the  density 
and  hardness  of  pure  tungsten  compacts  with 
increa.se  in  specific  energy  input. 

>  3 '  There  was  no  definite  pressure  effect  on 
W-Nb  alloys.  The  density  seemed  to  increase 
with  the  specific  energy  input  level. 

4.  Tungsten  heavy  alloy  with  BjC  V’as  suc¬ 
cessfully  consolidated.  At  high  energy  input, 
various  products  leading  to  a  "self-sustaining 
high-temperature  synthesis"  were  identiFied.  At 
this  high  energy  level,  a  liquid-phase-assisted 
consolidation  mechanism  is  operative. 

5  W-Ni  alloy  systems  were  consolidated 
successfully  using  nickel-coated  fine  tungsten 
powders. 
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AB.SIBAQI 


High-energy,  high-rate  processing,  driven  by  fast-discharging  stored  energy  devices, 
offers  new  potential  for  materials  science  oriented  developments.  This  is  evidenced  by 
the  tungsten-based  research  thrust  described  in  this  work.  Tungsten  trioxide  gels 
product  from  acidic  solutions  of  sodium  tungstate  have  been  investigated  as  precursor 
materials  for  submicron  metallic  tungsten  particles.  100  nm  metallic  tungsten  panicles 
have  been  obtained  through  rapid  r^uction  of  open-structured  aerogel  precursors  in 
dry  hydrogen.  Tliese  particles  have  subsequently  been  consolidated  to  produce  dense, 
ultrafine-graincd  powder  compacts.  The  consolidation  step  is  accomplished  by  use  of 
high-energy  high-rate  processing  driven  by  a  high  current  pulse  from  a  homopolar 
generator.  The  consolidation  response  of  these  laboratory-synthesized  powders  has 
been  compared  to  that  of  commercial  high-purity  tungsten  powders.  Binary  systems 
such  as  W-Cu  and  W-Mo  have  also  been  processed  by  similar  methods.  It  has  been 
further  demonstrated  that  Cu-W-WC  nanosized  composite  structures  for 
electrotribological  applications  may  be  derived  from  these  processing  approaches. 
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by  the  Texas  Advanced  Research  Program  Grant  #  4357. 
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0  HEHR  PROCESS 
o  W  SYNTHESIS 

0  PROCESSING 

>  W  from  gel 

>  W-Cu 

>  W-Mo 
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MATERIALS 


ELEMENTAL :  TUNGSTEN:  GEL-BASED  (lOOnm) 

FINE  (0.8  |Xm) 
COARSE 


BINARY  SYSTEMS :  W-Cu 

W-Ni 

W-Hf 

W-Nb 

W-Mo. 

TERNARY  SYSTEMS :W-Ni-Fe 

W-Mo-Re 


COMPOSITE: 


W-Ni-Fe  + 
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HIGH  ENERGY  HIGH  RATE 


'1MJ  in  1s* 


Conversion  of 
Rotational  KE 
into  Electricai  Energy 
in  the  form  of  a 
High  Current  Pulse 

Faraday  Disk  — >  Homopoiar 
Generator  (HPG) 
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POWER  DENSITY  -  W/cm 


1 


04 
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TEMPERATURE 


POWDER  PROCESSABILITY 


RESISTIVITY  DEPENDENCE 
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FINE  POWDERS 
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COARSE  POWDERS 


:rs  ',v. 
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MAKING  »  Rg 


W  PROCESSING  REQUIRES  HIGH  TEMP. 

HIGH  TEMP.  — ->  LARGE  I2Rl 

I  IS  DETERMINED  BY  SYSTEM 

Rl  depends  on  powder  characteristics 
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FINE  TUNGSTEN  POWDERS? 

l.No  commercial  sources  of 
powder  <  Ipm  (1987 

l.Laboratory  methods 
-Vapor  phase  decomposition  of 

WF6  &  WCI6 

-  Freeze-drying  of  APT 
-Sol-gelroute 
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(I)  (b) 


(e) 


(a).  »o|:  (b),  gel;  (c),  powder 
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lAiymprization  behavior  of  silica 


pH<7 


Monomer 

Dimer 
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Cyclic 

t  ■ 

Particle 
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TUNGSTEN  via  P/M 
Conventional  Method 


ORE  -  TO  -  POWDER  CONVERSION 
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POTENTIAL  PRECIPITATION  PRODUCTS 


1)  TUNGSTIC  OXIDE  MONOHYDRATE 
(CRYSTALLINE),  WO  .  H  O 

>  2N  ACID/  lOO^C 

2)  TUNGSTIC  OXIDE  DIHYDRATE 
(CRYSTALLINE),  WO  .  2H  0 

>  0.5  -  2N  ACID/  25  C 


3)  COLLOIDAL  TUNGSTIC  ACID, 

WO,.  nH  O  ,  0.33  <n  <2 
3  2 

~  0.25N  ACID/  25  °C 


THIS 

GEL 

PROCESS 


4)  SODIUM  OCTATUNGSTATE 

5)  SODIUM  TETRATUNGSTATE 
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SOL-GEL  ROUTE 


1.  Aquagel  synthesis 

.  Precipitate 
.  Filter  and  wash 

2.  Gel  conversion 

.  Aquagel 
.  Alcogel 
.  Aerogel 

3.  Gel  reduction 

.  H2  at  1073K  for  3600s 
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AEROGEL 

REMOVE  LIQUID 
(WITHOUT  COLLAPSE) 

CRITICAL  POINT  DRYING 

O  SURFACE  TENSION  EFFECTS 
0  CPD  USING  CO2 
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AEROGEL 


100  nm 
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FRICKE,  1988 


AEROGEL  =  CPD  OF  ALCOGEL 


CO2  Phase  diagram 


fJi 


S  I-  ;  Liquid  phase 

!  ,  •  '  .  1  I 


phase  I  \ 


Sub\‘»rnat'on 


Gaseous  phase 


I  '  ' 
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X-RAY  DIFFRACTION 

TUNGSTEN  TRIOXIDE 


2«. 


GEL  PATTERN 


on 


AEROGEL 

CHARACTERISTICS 


1.  Reduction  kinetics 
.  H2  flows  through 
.  H2O  flows  out 

2.  Connectivity  retained 

3.  Metal  Nucleation  skeleton 
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HYDROGEN  REDUCTION  OF  WO3 


TUNGSTEN 

TRIOXIDE 


TUNGSTEN  - 
DRY  HYDROGEN 


1123K/3600S 


_ t _ 

1.  TTT  considerations. 

-  Fine  grain  size. 

-  Short  processing  time. 

2.  No  temperature  limit. 


3.  Energy  efficiency  -  Only 
the  compact  gets  heated. 


POWDER  CONSOLIDATION 
EXPERIMENTAL  EQUIPMENT 
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CONSOLIDATED  GEL-BASED  TUNGSTEN 


~  85  %  DENSE 
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Tensile  Strength,  1000  psi 


TUNGSTEN 


STRENGTH  VS  TEMPERATURE 


Temperature,  F 


TYPICAL  TENSILE-STRENGTH  RANGES 
OF  COMMERCIAL-PURITY,  POWDER- 
METALLURGY,  TUNGSTEN  FLAT -ROLLED 

PR0DUCTS(16) 


BATTELLE  DMIC  REPORT  189, 

SEPT.  13,  1963 
PP.  A40 


96 


MICROHARDNESS 


SINGLE  CRYSTAL  COMM.  MAT'L  GEL-BASED 


TUNGSTEN  TYPE 


CONSOLIDATED  GEL-BA:i  ED  W 


VICKER'S  INDENTATION  (500g) 
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CONSOLIDATED  GEL-BAJ^  ED 


7 

W 


VICKER'S  INDENTATION  (500g) 
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TUNGSTEN 


HARDNESS  VS  WORKED  STATE 


Increasing  cold  work  - 
Decreasing  stress  relief 


INFLUENCE  OF  PROCESSING  PARAMETERS  ON  THE 
HARDNESS  OF  POWDER-METALLURGY  TUNGSTEN 
FLAT-ROLLED  PRODUCTS! 


BATTELLE  DMIC  REPORT  189, 

SEPT.  13,  1963 
PP.  AlO 
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SUPERPLASTICITY  POTENTIAL 


o  ultrafine  grain  sizes 
(  0.2  to  2  [im) 

o  grain  boundary  sliding 

0  grain  growth  inhibitors 
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HIGH  SPEED  SLIDING  CONTACT  TYPES 


HIGHSPEED  SOLID  ARMATURES 
BRUSHES  (HPG)  (EML) 


Velocity 

>  200  m/s 

>  2000  m/s 

Current 

2  kA/cm2 

200  kA/cm2 

Density 

Lifetime 

1000  Pulses 

Single  Pulse 

Material 

Cu-Gr-Sn-Pb 

7000  series 

Composite 

Aluminum  Alloy 
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INTRODUCTION 


APPLICATION  OF  ELECTRICAL  BRUSHES 


ELECTRICAL  LOSSES  •  Pe  =  VI  =  10  k'W 


I  =  5  kA 
V  =  200  m.s 

=  0.2 

N  =  45  N 


V  =  2  V 
RB  =  20 
RS  =  72 
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W-CU  ELECTRICAL  CONTACTS; 

DENSITY  &  HARDNESS 


DENSITY  %  THEORETICAL 


RED  CuW04 

Cu-COATED  W 

ELEMENTAL 

INFILTRATED 

0  20  40  60  80  100 
AVG.  SUPERFICIAL  HARDNESS  HR15T  (Cu-40) 
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FT  FCTROTRIBOLOGICAL  BEHAVIOR 
Cu-COATED  TUNGSTEN 
(90W/10CU) 


T  max.  =  560  C. 
T  avg.  =  380  C. 


SEM  :  DIAGONAL  WEAR  TRACKS 
ON  SURFACE  AFTER  HIGH-SPEED  TEST. 

(IN  AIR,  UNCOOLED,  lOON  DOWNFORCE. 

RUN  FOR  60  s  @  100  m/s  WITH  ZERO  CURRENT, 
THEN  FOR  30  s  @  100  m/s  WITH  1  kA/cm2.) 


20  mm  X  12.5  mm  W-Cu  CONTACT 
on  SMOOTH  4340  STEEL  ROTOR. 
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COPPER-TUNGSTEN  PLANAR  COMPOSITE 
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0) 


EXPERIMENTAL  PROCEDURE 


lyilX  tungstic  oxide 
^ndcdljoiddl  graphite 


SAN|>WICH  betweeh  coppe^ 


REDUCE  in  hydrogen 


CONSOLiDATE  in 
hpihopdiar  denCrator 


Tin  nign-si: 
wear  tester 
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A  1/2  inch  copper  tube  coated 
on  the  inside  with  tungstic 
oxide/colloidal  graphite 
mixture  is  rolled  to  form  a 
sandwich. 


no 


CONSOLIDATION  SCHEMATIC 
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W-NI-Fe/B4C 


AS-RECEIVED 

Premixed  powder  blend 
W;Ni:Fe  in  mass  ratio  of  93:5:2. 

B4C  volume  fraction  =  8%  or  1 0%. 

AFTER  CONSOLIDATION 

High-density  processed  composite 
by  liquid-phase  assisted  consolidation. 
Complex  carbides  and  borides 

WgC  ,  FeWB  ,  \A/2B  ,  Fe^C  ,  FegWgC  ,  Ni4B3 
Intermetallic  Fe^Wg 

Elemental  Fe  and  Ni  fully  reacted 
Elemental  W  still  dominant  phase 
New  phases  not  observed  in  the  less-dense 
material  consolidated  completely  in  the  solid  state. 
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W  PARTICLES  /  W-NI-FE  EUTECTIC  AND  DIRECTION 
OF  FLOW  114 


SUMMARY 


o  HEHR  PROCESS 
o  W  SYNTHESIS 

0  PROCESSING 

>  W  from  gel 

>  W-Cu 

>  W-Mo 


APPENDIX  C 


TITANIUM  ALUMINIDE 
PROCESSING 


C-1.  High-Energy  High-Rate  Processing  of  High 
Temperature  Metal-Matrix  Composites 


C-2.  Microstructure/  Processing  Relationaships  in 
High-Energy  High-Rate  Consolidated 
Powder  Composites  of  TisAl  +  TiAl 


C-3.  Matrix-Reinforcement  Interface 

Characteristics  of  (TisAl  +  Nb) -Based 
Powder  Composites,  Consolidated  by  High 
Energy  High-Rate  Processing 
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HIGH-ENERGY  HIGH-RATE  PROCESSING 

OF 

HIGH-TEMPERATURE  METAL-MATRIX  COMPOSITES 


23 


C.  Pcrsad,  S.  Raghunathan,  B.-M.  Lee,  D.L.  Bourcll.  Z.  Eliczer  and  II.L.  Marcus 


Center  for  Materials  Science  and  Engineering 
The  University  of  Texas  at  Austin, 
Austin,  Texas  78712. 


ABSTRACT 


Advances  in  kinetic  energy  storage  devices  have  opened  up  a  new  approach  to  powder 
processing  of  High  Temperature  Composites.  The  processing  consists  of  internal  heating  of  a 
eustomized  powder  blend  by  a  fast  electrical  discharge  of  a  homopolar  generator"  The 
high-energy  high-rate  "IMJ  in  Is"  pulse  permits  rapid  heating  of  a  conducting  powder  in  a  c('Id 
wall  die.  This  short  time  at  temperature  approach  offers  the  opportunity  to  control  phase 
transformations  and  the  degree  of  microstructural  coarsening  not  readily  possible  using  standard 
powder  processing  approaches.  This  paper  will  describe  the  consolidation  results  of  two  high 
temperature  composite  materials,  (,W-Ni-Fc)/B4C  and  (Ti3AI+Nb)/SiC.  The  focus  of  this  study 

was  the  identification  of  the  reaction  products  formed  at  the  matrix/rcinforcement  interface  as  a 
function  of  input  energy  and  applied  stress.  Input  energies  beyond  a  threshold  value  for  each 
system  were  required  to  produce  detectable  reaction  products.  In  the  (W-Ni-Fc)/B4C  system, 

the  reaction  products  formed  at  4000  kJ/kg  input  energy  under  420  MPa  applied  stress  were  a 
scries  of  complex  carbides  and  borides  including  W2C,  FeWB,  FC3C.  FcgWgC  and  Ni4B3. 

The  intermctallic  FeyWgwas  also  observed.  In  the  (Ti3Al+Nb)/SiC  system,  the  reaction 
products  observed  at  3400  kJ/kg  and  210  MPa  were  TiC  and  TiSi2. 


INTRODUCTION 

The  new  (Ti3AI  +  Nb)  -  based  matrices  reinforced  with  silicon  carbide  represent  a  class 
of  high  temperature  metal  matrix  composites  (MMC)  with  attractive  specific  modulus  and 
potential  for  high  temperature  service.  It  has  been  shown  that  the  (TijAl  +  Nb)  /SiC  composites 
have  significantly  higher  strength/density  values  over  the  wrought  supcralloys  in  the  .^OOK  to 
HOOK  temperature  range  [1).  Thc.se  materials  arc  expected  to  find  application  in  the  next 
generation  of  high  performance  aircraft  and  turbines.  The  Ti-6AI-4V/SiC  MMC  shows 
reduced  tensile  strength  after  high  temperature  exposure.  This  reduction  in  strength  has  been 
correlated  with  the  formation  and  growth  of  deleterious  reaction  products  at  the 
matrix-reinforcement  interface  (2).  It  has  been  suggested  that  lowering  of  the  consolidation 
temperature  will  result  in  a  reduced  amount  of  reaction  product  1.'').  Similar  reaction  products 
may  be  responsible  for  the  3  pm  thick  reacted  layer  observed  in  the  hot-pressed  (TijAl  Nb)* 
SiC  composites  observed  by  Brindley  { 1  j. 

A  completely  different  group  of  high  temperature  applications  utilizing  high  hot 
hardness  arc  anticipated  for  the  cobalt-free  substitutes  for  WC  Co  composites.  The  B^C 

-reinforced  W-Ni-Fe  composites  arc  a  prototypical  system  (4.5|.  The  hot  hardness  of  the  2.5 
B4C  -  97.5  W-Ni-Fc  (95.0  W  -  3.5  Ni  -  1.5  Fc|  is  10  to  20'?J'  higher  than  the  premium  grade  (>r 
WC  +  Co  at  1073K.  When  produced  by  hot  pressing  at  1733K.  the  B^C  is  fully  reacted  and 
phases  with  a  variety  of  chemistries  arc  produced.  These  include  graphite,  tungsten  carbide,  and 
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Fe*Ni  and  W-B-C  phases.  Further  analysis  revealed  the  onset  of  the  series  of  reactions  to-be  at 
1J73.K  [4], 

For  both  these  systems  an  alternative  approach  to  control  of  the  reaction  zone  is  by 
limiting  the  duration  of  the  high  temperature  ex^sure  during  processing.  Tliis  is  the  thrust  of 
the  highrenergy  high-rate  consolidation  processing  approach  applied  to  these  materials  systems 
and  described  in  this  paper. 


EXPERIMENTAL  PROCEDURE 


Materials 
(TijAl  +  Nb)/SiC 

The  "Alpha  2"  titanium  aluminide  intermetallic  was  supplied  in  powder  form  by  United 
Technologies  Pratt  and  Whitney  Division  ,  FL.  These  Nb-stabilized  compositions  were  RS 
processed  and  were  classified  to  -  80  mesh  ( <  177  pm).The  as-received  phase  structure  of  the 

Alpha  2  composition  was  determined  by  XRD  and  consisted  of  the  Nb-stabilized  P  -f  P2  ( 

structure  with  B2  ordering). 

The  SiC  particulate  was  supplied  by  the  Superior  Graphite  Corp ,  Grade  HSC-ROF95. 
These  +325  mesh  (>  44  pm)  H-SiC  particulates  were  deliberately  supplied  with  a 
graphite-enriched  surface  layer  to  enhance  local  electrical  conductivity.  This  layer  extends  1-10 
pm  below  the  surface,  depending  upon  particle  size  (6).  The  mass  of  SiC  was  20  percent  of  the 
total  composite  mass,  corresponding  to  a  volume  fraction  of  30  %. 

W-Ni-Fe/B4C 

The  tungsten-based  composite  was  supplied  as  a  premixed  powder  blend  by  Los 
Alamos  National  Laboratories,  NM.  The  metallic  matrix  elemental  powders  W:Ni;Fe  w-ere 
mixed  in  a  mass  ratio  of  93:5:2.  The  mass  of  B4C  was  1.3  or  1.65  percent  of  the  total 

composite  mass,  corresponding  to  a  volume  fraction  of  8%  or  109c.  Detailed  characteristics  of 
such  powder  blends  have  been  reported  previously  by  Sheinberg  [5]. 


Processing 

Advances  in  kinetic  energy  storage  devices  have  opened  up  a  new  approach  to  powder 
processing  of  High  Temperature  Composites.  The  processing  consists  of  internal  heating  of  a 
customized  powder  blend  by  a  fast  electrical  discharge  of  a  homopolar  generator.  The 
high-energy  high-rate  "IMJ  in  Is"  pulse  permits  rapid  heating  of  a  conducting  powder  in  a  cold 
wall  die.  This  short  time  at  temperature  approach  offers  the  opportunity  to  control  phase 
transformations  and  the  degree  of  microstructural  coarsening  not  readily  possible  using  standard 
powder  processing  approaches. 

The  underlying  fundamental  approaches  to  high-enerp-  high-rate  processing  have  been 
described  elsewhere  [7].  The  general  details  of  the  experimental  apparatus  and  the  pulse 
characteristics  have  also  been  reported[8],  and  the  technique  has  been  employed  in  the 
processing  of  Al-SiC  composites  [6,9].  In  this  study,  50g  quantities  of  each  of  the  composite 
powder  blends  were  loaded  into  insulated  die  cavities  between  copper  electrodes.  Pressures 
between  210  and  420  MPa  were  applied,  and  the  compact  was  rapidly  heated  by  a  homopolar 
generator  pulse  discharge.  Disks  with  diameters  of  30  mm  or  50  mm  were  produced.  Specific 
energy  inputs  ranged  from  2000  kJ/kg  to  7000  kJ/kg. 
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Microstnicture  Evaluation 


Standard  metallographic  procedures  were  employ<^d  in  the  preparation  of  radial  cross 
sections  of  each  of  the  consolidated  composite  materials.  The  TijAl/SiC  required  the  use  of 
water-j.’t  machining.  Vicker .  microhardness  measurements  were  performed  at  room  temperature 
to  determine  the  degree  of  structural  homogeneity  and  to  aid  in  the  detection  of  the  re:.ction 
zones. 

For  the  (TijAl  +  Nb)/SiC  system,  heat  treatments  of  24h  to  96h  at  1473K  were  used  to 

follow  the  growth  of  the  reaction  zone.  Unetched  and  etched  cross-sections  were  examined  in  an 
optical  microscope  fitted  with  a  Ncmarski  interference  contrast  system.  This  permits  the 
polishing  relief  developed  due  to  phases  of  different  hardnesses  to  become  readily  apparent  iii 
color  micrographs[10].  From  such  micrographs,  average  zone  width  measurements 
corresponding  to  each  heat  treatment  were  made.  These  measurements  are  not  absolute  values 
since  they  are  uncorrected  for  magnification  due  to  random  angle  sectioning. 

X-ray  diffraction  analyses  were  performed  on  a  Phillips  diffractometer  fitted  with  a  Cu 
tube  and  a  graphite  monochromator.  The  powder  samples  were  helti  onto  a  glass  slide  with 
double-sided  adhesive  tape.  Sufficient  powder  was  used  so  that  no  signal  was  detected  from  the 
glass  slide.  A  lEOL  35M  SEM  with  EDS  and  WDS  capability  was  employed  to  verify  the 
chemical  discontinuities  associated  with  the  formation  of  reaction  products  at  the 
matrix-reinforcemem  interface. 


RESULTS  AND  DISCUSSION 


Consolidatioii  Parameters 

The  processing  parameters  used  for  these  initial  consolidation  experiments  on  each  of 
these  composite  systems  were  derived  from  parameter  sets  previously  developed  for  the 
unreinforced  matrix  materials.  The  inherent  assumption  is  that  beyond  a  set  low  electrical 
conductivity  threshold,  the  pulse  resistive  heating  under  pressure  would  provide  rapid 
densification.  The  most  identifiable  solid  state  densification  mechanism  is  powder  forging. 
Densities  greater  than  95%  of  the  calculated  theoretical  values  were  obtained.  The  parameters  for 
the  (TijAl  +  Nb)/SiC  system  were:  Applied  Pressure  =  30  ksi  (210  MPa),  Specific  energy  input: 

2000  to  4(X)0  kJ/kg.  For  the  W-Ni-Fe/B4C  system  they  were:  Applied  Pressure  =  45  -  60  ksi 
(315  -  420  MPa),  Specific  energy  input:  3000  to  7000  kJ/kg. 


Microstructure  and  Chemistry 

Figures  1  and  2  provide  typical  overviews  of  the  rapidly  densified  microstructures 
developed  in  the  W-Ni-re/B4C  system  and  the  (T^Al  +  Nb)/SiC  system  respectively.  The  metal 

matrices  are  well  consolidated,  and  excellent  geometric  conformability  to  the  darker  reinforcing 
phases  is  evident  in  both  systems.  The  reinforcement  appears  well  dispersed. 


(Ti3Al  +  Nb)/SiC 

In  Figure  2  from  the  (Ti3Al  +  Nb)/SiC ,  which  was  heavily  etched  in  HCl,  preferential 

chemical  attack  occured  at  the  SiC/matrix  interface  where  a  reaction  zone  was  observed. 
Consolidation  appears  to  have  occured  in  the  solid  state  with  the  energy  input  of  3200  kJ/kg 
under  210  MPa  applied  piessure.  XRD  analyses  of  the  phases  present  in  the  processed 
composite  reveal  the  likely  reaction  products  to  be  TiC  and  TiSi2.  The  TiSi2  phase  appears  to  be 

associated  with  the  regions  where  localized  matrix  melting  at  higher  specific  energy  inputs  has 
occured.  The  TiSi2  was  not  observed  in  the  lower  energy  consolidations. 

Phases  with  corresponding  chemistries  could  be  identified  in  the  vicinity  of  interfaces 
by  EDS  in  the  SEM  as  shown  in  Figure  3.The  diagonal  interface  separates  a  SiC  panicle  (lower 
half  of  photo)  from  the  matrix.  The  light-colored  islands  on  the  SiC  particle  surface  are  rich  in  Ti 
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i  10  ^imt^ 

4-  - - 

Fig.l.  Optical  photomicrograph  of  an  etched  j 
radial  cross-section  of  a  (W-Ni-Fc)/B4C‘ 

composite  specimen  produced  with  an 
energy  input  of  4000  kJ/kg  under  420  MPa 
applied  pressure.  The  macroscopic  features  ; 
■  are  A-BaC,  B-W,  and  C-W-Ni-Fe  eutectic,  j 


Fig.2.  SEM  photomicrograph  of  a  heavily 
etched  radial  cross-section  of  a 
(TijAl+NbySiC  composite  specimen 

produced  with  an  energy  input  of  3200 
kJ/kg  under  210  MPa  applied  pressure. 
Tight  microencapsulation  of  the  SiC 
particles  is  evident. 


Fig.3.  SEM  photomicrograph  of 
an  unctched  radial  cross-section 
of  a  (Ti3AI+Nb)/SiC  composite 
specimen  in  which  localized 
melting  has  occured.  The  region 
above  the  diagonal  interface  is  the 
matrix  with  dark  TiC  reaction 
products.  The  lower  section  is  a 
SiC  particle  on  which  islands  rich 
in  Ti  and  Si  appear  as 
light-colored  areas. 
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Fig.  4.  Average  apparent 
interface  reaction  zone  width 
measurements  corresponding  to 
heat  treatments  of  a  (TijAl  -r 

Nb)/SiC  composite  for  24h  to 
96h  at  1473K.  These 
measurements  are  not  absolute 
values.They  are  uncorrected  for 
magnification  due  to  random 
angle  sectioning. 


20  40  60  80  100 

HOLDING  TI.ME  AT  1473  K(h) 
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and  Si  and  have  veiy  little  carbon,  consistent  with  the  XRD  observation  of  TiSi?,  EDS  analysis 

of  the  dark  phases  visible  above  the  diagonal  interface  show  these  to  be  TiC. 

The  multiphase  reaction  zones  were  grown  by  heat  treatments  at  1473K  for  24  to 
96h.The  apparent  width  of  the  reacted  layer  measured  from  a  series  of  etched  cross-sections  is 
plotted  in  Figure  4.  Additional  unidentified  phases  were  produced  during  these  heat  treatments. 
TEM  investigations  of  the  pi;ases  present  are  currently  underway. 


(\V-Ni-Fe)/B4C 

In  Figure  1,  the  apparent  orientation  of  the  W-Ni-Fe  matrix  is  attributed  to  flow  of  the 
material  under  pressure  during  the  transient  liquid-phase-assisted  consolidation.  The  three 
microscopic  features  observed  are  the  B4C,  W  and  the  W-Ni-Fe  eutectic. 

XkD  analyses  of  the  phases  present  in  the  high-density  processed  composite  reveal  the 
reaction  products  to  be  a  series  of  complex  carbides  and  borides, >Vhen  sufficient  energy  is 
delivered  to  induce  liquid-phase  assisted  consolidation.  The  lines  indexable  in  a  10  to  80  degree 
two-theta  scan  for  the  W-Ni-Fe/B4C  system  after  liquid-phase  assisted  consolidation  includes 

W  (110), (200), (211),  W2C  (021),(002),(121),(102),(321),(302),  FeWB  (001),(112), 
W  2B(110),(C02),(200),(211),  Fe3C  (101),  (660),(822)  and 

Ni4B3(2!  I),(4i0),(403),(013).  The  intermetallic  Fe7Wg  (119)was  also  observed.  The 

elemental  Fe  and  Ni  were  fully  reacted.  These  phases  were  not  observed  in  the  material 
consolidated  completely  in  the  solid  state,  where  the  maximum  applied  pressure  of  420  MPa 
was  insufficient  to  produce  full  densification. 

Several  of  the  carbide  forming  reactions  are  highly  exothermic,  and  once  triggered, 
these  reactions  occurring  at  multiple  and  distributed  interface  nodes  can  be  expected  to  maintain 
the  higli  temperature  developed  in  the  ear:y  stages  of  the  processing.  Indeed  this  processing 
cycle  then  takes  on  characteristics  similar  to  those  observed  in  Self-Propagating 
High-Temperature  Synthesis  of  ceramic  phases  [11].  The  reaction  products  so  derived 
effectively  transform  the  nature  of  the  composite  material  introducing  the  attributes  of  the  in-situ 
composites,  in  which  the  reinforcing  phases  are  produced  during  processing. 

As  a  clearer  understanding  develops  of  the  complex  physical  metallurgy  of  the 
high -temperature  matrix  materials,  in  particular  the  new  RSP  aluminides,  alternative  approaches 
to'the  selection  of  reinforcement  phases  become  crucial.  Some  guidelines  for  such  approaches 
have  been  discussed  by  Fine  et  al  [12],  and  are  being  applied  to  our  continued  effort  in 
high-temperature  metal  matrix  composites. 
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ABSTRACT 

A  new  approach  to  pwwder  processing  is  employed  in  forming  titanium  aluminide  composites. 
The  processing  consists  of  internal  heating  of  a  customized  powder  blend  by  a  fast  electrical 
discharge  of  a  homopoiar  generator.  The  high-energy  high-rate  "IMJ  in  Is”  pulse  permits  rapid 
healing  of  an  electrically  conducting  powder  mixture  in  a  cold  wall  die.  This  short  time  at 
temperature  approach  offers  the  opportunity  to  control  phase  transformations  and  the  degree  of 
microstructural  coarsening  not  readily  possible  with  standard  powder  processing  approaches. 
This  paper  describes  the  consolidation  results  of  titanium  aluminide-based  powder  composite 
materials.  The  focus  of  this  study  was  the  definition  of  microstructure/processing  relationships 
for  each  of  the  composite  constituents,  first  as  monoliths  and  then  in  composite  forms. 
Non-equilibrium  phases  present  in  rapidly  solidified  TiAl  powders  are  transformed  to  metastable 
intermediates  en  route  to  the  equilibrium  gamma  phase.  The  initial  single  phase  beta  in 
Nb-stabilized  TijAl  is  transformed  to  alpha  two  with  an  intermediate  beta  two  phase.  In 

composite  blends  of  TiAl  powders  mixed  with  Nb-subilized  TijAl  powders  a  10  pm  thick 

interfacial  layer  is  formed  on  the  dispersed  TiAl.  Limited  control  of  post-pulse  heat  extraction 
prevents  full  retention  of  the  rapidly  solidified  powder  microstructures. 

INTRODUCTION 

The  Ti-Al  system  offers  a  rich  variety  of  phases  and  microstructures.  Many  of  its 
equilibrium  phases  are  disordered  solutions  with  wide  composition  ranges,  or  simple  ordered 
structures  based  on  the  disordered  solutions  [1].  Non-equilibrium  processing  such  as  the 
production  of  powders  and  ribbons  by  rapid  solidification  alters  the  phase  boundaries  (2,3]. 
Alloying  additions  further  complicate  the  precise  prediction  of  phase  fields  and  it  becomes 
practical  to  adopt  the  use  of  a  qualitative  Ti-Al  pseudo-binary  (4). 

At  the  focus  of  alloy  design  and  development  effort  remain  the  binary  intermetallics: 
TiAl  (gamma)  and  the  TijAl  (alpha  two).  Lipsitt  has  reviewed  the  history,  progress,  and 
potential  uses  of  these  materials  in  aircraft  turbine  engines  [5, 6).  The  TiAl  intermetallic  is  of 
lower  density  (3.76  vs  4.15-  4.70  gm/cm^)  but  is  also  less  ductile  at  room  temperature  (1-2  vs 
2-5  percent  elongation)  than  the  TijAl  (5) .  The  density  advantage  of  TiAl  is  enlarged  when  the 
influence  of  common  ternary  additions  such  as  Nb,  Mo.  and  Ta  to  TijAl  is  taken  into  account. 
Powder-based  composites  of  TijAl  +TiAl  have  therefore  been  designed  to  take  advantage  of 
the  ductility  of  the  TijAl  as  a  matrix  and  the  low  density  of  the  TiAl  as  a  dispersed  constituent. 
In  addition  to  the  increased  specific  strength  and  potential  thermal  stability,  these  composites 
attempt  to  exploit  the  lattice  parameter  matching  principles  espoused  by  Fine  et  al.  (7]. 

The  phases  of  interest  for  these  selected  constituents  are  alpha,  alpha  two, 
beta,  beta  two,  and  gamma  in  the  pseudo-binary  Ti  -  Al  phase  diagram.  The  beta  two  phase  is 
stabilized  by  the  presence  of  Nb  (1,4,8).  The  characteristics  of  the  phases  arc  indicated  below. 


alpha 

A3 

hexagonal-close-packed  (hep)  structure 

alpha  two 

DOi9 

ordered  phase,  based  on  hep  structure 

beta 

.A2 

body-ccntcred-cubic  (bcc)  structure 

beta  two 

D03 

ordered  phase,  based  on  bcc  structure 

gamma 

LIq 

ordered  phase,  based  o;  fee  structure 

MaI  Soc  $ymp  #rec  Vo<  133  ’  till  MtltnpU  MeMifCh  Sociply 


123 


EXPERIMENTAL  PROCEDURE 


Materials  :Rapidly  jtanium  aluminide  powtfen  (•  80  mesh)  were  supplied  by  United 

Technologies  Piratt  and  Wlntney  Division  .  R..  As-teceived  TiAl  powders  (SI  Ti,  49 
at.%  Al)  and  Nb-stabilized  TijAl  powders  (6S  at.%  Ti.  1 1  at.%  Nb,  24  at.%  Al)  were  used. 

Processing:  The  processing  consists  of  internal  heating  of  a  customized  powder  blend  by  a  fast 
electrical  discharge  of  a  homopolar  generator.  Die  high-energy  high-rate  ”1MJ  in  Is"  pulse 
permits  rapid  heating  of  a  conducting  powder  in  a  cold  wall  die.  The  underlying  fundamental 
approaches  to  high-energy  high-rate  processing  have  been  described  (9].  The  general  details  cX 
the  experimental  apparatus  arid  the  pulse  characteristics  have  also  been  reported  ( 10,1 1]. 

In  this  study,  SOg  quantities  of  powders  each  of  three  groups  of  materials  were 
processed.  Group  I  consisted  of  TiAl  powders.  Group  H  consisted  of  Nb-stabilized  TijAl 
powders.  Group  III  consisted  of  composite  blends  containing  10,  20,  30,  40,  or  SO  mass 
^rcent  TiAl  powders  mixed  with  Nb-stabilized  Ti^AI  powders  (-f  200  mesh).  The  powders 
were  loaded  into  insulated  die  cavities  between  co{^r  electrodes  faced  with  molybdenum  foils. 
A  pressure  of  210  MPa  was  applied,  and  the  compact  was  rapidly  heated  by  a  homopolar 
generator  pulse  discharge.  Disks  of  SO  mm  diameter  were  product.  Specific  energy  inputs 
ranged  from  3200  kJ/kg  to  4000  kJ/kg. 

Microstructure  Evaluation:  Standard  metailographic  procedures  were  employed  in  the 
preparation  of  radial  cross  sections  of  each  of  the  consolidated  materials.  Disk  sectioning  by 
water-jet  machining  minimized  mechanical  damage.  Vickers  microhardness  measurements  were 
performed  at  room  temperature  on  both  the  as-received  and  consolidated  materials  to  indicate  the 
influence  of  structural  change  on  mechanical  properties. 

For  the  consolidated  Ti^Al,  heat  treatments  of  24h  at  1 173K  were  used  to  determine  the 

equilibrium  microstructure.  Ur^etched  and  etched  cross-sections  were  exanuned  in  an  optical 
microscope  fitted  with  a  Nomarsld  interference  contrast  system.  This  permits  the  polishing  relief 
developed  due  to  phases  of  different  hardnesses  to  become  readily  apparent  in  color 
micrographs  (12).  X-ray  diffraction  analyses  were  performed  on  a  Phillips  diffractometer  fitted 
with  a  Cu  tube  and  a  graphite  monochromator.  The  powder  samples  were  held  onto  a  glass  slide 
with  double-sided  adhesive  tape.  Sufficient  powder  was  used  so  that  no  signal  was  detected 
from  the  glass  slide.  A  200  kV  JEOL-200CX  instrument  was  used  in  the  TEM  studies 
conducted  on  fully  dense  disks  sectioned  and  thinned  by  electropolishing  [13]  for  observation. 


RESULTS  AND  DISCUSSION 


Consolidation  Processing  Sl  Microhardness:  The  processing  parameters  used  for  these 
consolidation  experiments  were  derived  from  previously  developed  dcnsification  maps  for  each 
powder.  Densities  greater  than  95%  of  the  theoretical  values  were  obtained.  The  most 
identifiable  solid  state  dcnsification  mechanism  is  powder  forging.  For  the 
composition-optimized  Ti-Al-Nb  alloys,  the  best  combination  of  strength  and  ductility  by  ingot 
metallurgy  is  obtained  by  forging  above  the  beu  transus  and  controlled  cooling  to  produce  a  fine 
Widmannstatten  microstructure  (14).  Controlled  cooling  is  also  crucial  to  the  production  of 
crack-free  Nb-stabilized  TijAl  disks  by  high-energy  h.gh-ratc  consolidation.  Like  many  other 
single-residence  powder  consolidation  proce.sses  which  attempt  to  maintain  RS  microstrucnires, 
the  necessary  large-strain  deformation  processing  for  metallurgical  bonding  and  limited  control 
of  post-densification  heat  extraction  can  hinder  both  the  desirable  near-net-shape  processing 
(15),  and  the  maintenance  of  isotropic,  homogeneous  microstructurcs. 

Table  1  compares  the  average  room-temperature  hardnesses  for  powders  and 
consolidated  materials.  In  every  case  the  processed  material  shows  a  hardness  increase  of  about 
ten  percent.  Material-specific  microstructural  changes  which  occur  in  response  to  the  applied 
thermomechanical  processing  cycle  account  for  these  cl  anges.  These  arc  discussed  below. 
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Microstructure  and  Chemistry 


Group  1 :  Ti  A1  powders  and  consolidated  monoliths:  The  as-rcccivcd  TiAl  powder  panicles  are 
largely  two-phase.  X-ray  diffraction  indicated  that  tht  y  were  composed  of  the  ordered  TiAl 
(gamma)  phase  and  the  ordered  TijAl  (  alpha  two)  phas This  result  is  in  agreement  with  those 
of  Huang  et.  al.  [3]  for  rapWly  solidified  ribbons  of  siiailar  composition.  A  third  contaminant 
phase,  TiC,  was  also  present.  The  relative  ratios  of  FijAl:  TiAl,  judged  from  X-ray  peak 
intensities,  varied  from  5:4  in  the  coarse  +200  mesh  {>74  ^im)  powders  to  5:lin  the  -325  mesh 
(<44|im)  powders.  The  microstnicture  of  the  as-rcceivuJ  powders  is  shown  in  Figure  1. 


Fig.l. 

Optical  photomicrograph  of 
polished  and  etched  sections  of 
as-received  TiAl  powders.  A 
two  phase  structure  is  evident. 


The  consolidated  compact  has  the  same  phases  as  the  as-received  particles  but  moves 
toward  us  equilibrium  gamma  phase  dunng  consolidation  process.  TEM  studies  indicated  that 
the  TijAl  appears  as  plates  with  submicron  thicknesses  distributed  in  the  TiAl.  The  alpha  two 

phase  forms  as  semi-coherent  plates  within  the  the  gamma  phase.  The  microstructure  of  the 
consolidated  material  is  shown  in  Figure  2. 
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riiJL 

Optical  photomicrograph  of  a 
polished  and  etched  radial 
cross-section  of  a  disk  produced 
from  TiAl  powders  with  an 
energy  input  of  3200  kJ/kg  under 
210  MPa  applied  pressure. 


Group  11:  Nb-stabilized  Ti^AI  powders  and  consolidated  monoliths.  The  structure  of  the 
as-received  powder  particles  appears  to  be  single  phase  beta  based  on  optical  examination  and 
X-ray  diffraction  study.  'Rapid-solidification-tndut  d  microstructural  refinement  in  the 
as-received  powders  (Figurt  3)  is  maintained  in  the  fin*  grain  size  observed  in  the  consolidated 
material  (Ftgure  4).  However,  the  consolidatio-  cycle  induces  or  completes  the 
disorder-to-order  transformation  from  the  beta  phase  ti  ihc  beta  two  phase.  TEM  of  specimens 
from  the  consolidated  disk  showed  tweed  microstructur  :s  and  anti  phase  boundaries  and  some 
martensitic  transformation  from  the  beta  two  phase  :o  the  alpha  two  phase  (16).  These 
microstructures  were  qualitatively  similar  to  those  i  bscrved  by  Jackson  et  al.  in  rapidly 
solidified  Ti  -  15  Al  -  1  IMo  (17j.  Complete  transformation  to  the  alpha  two  phase  was 
observed  after  an  1 173K.  24  hour  heat  treatment. 


Optical  photomicrograph  of 
polished  and  etched  sections  of 
as-received  Nb-stabilized  T15AI 

pCAders.  Grain  sizes  range  from 
5  to  50  pm. 
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Optical  photomicrograph  of  a 
polished  and  etched  radial 
cross-section  of  an  Nb-stabilized 
Ti3Al  consolidated  disk 

produced  with  ?n  energy  input  of 
3200  kJ/kg  under  210  MPa 
applied  pressure. 


■■Group  III:  Composite  blends  of  TiAl  powders.mixed  with  Nb-stabilized  Ti2Al  powders, 
High-energy  high-rate  consolidation  produces  fully  de  isc  composite  bodies  in  which  the  TiAl 
powder  particles  remain  l^gely  intact  and  the  Nb-stabilized  Tij  A1  matrix  flows  to  encapsulate 
them.  Figures  5  and  6  provide  typical  overviews  of  the  rapidly  densified  microsiructures 
developed  in  the  Nb-stabilized  TijAI  TiA!  powder  co.  iposite  system.  The  Nb-stabilized  TijAl 
matrix  is  well  consolidated,  and  excellent  geometric  conformability  to  the  dispersed  TiAl 
powders  is  observed. 

A  uniform  mterfacial  layer  is  evident  in  Figure  ri.  The  apparent  width  of  the  interfacial 
layer  is  about  10  pm.  Phases  similar  to  those  observeo  in  the  consolidated  Group  I  and  Group 
II  monoliths  were  observed.  TEM  studies  also  indicate  the  formation  of  an  ordered  othorhombic 
phase  of  the  type  described  by  Banerjec  ct  al.  (18].  Further  TEM  investigations  of  the  phases 
present  arc  currently  underway.  The  extent  of  interfacial  zone  growth  at  elevated  temperatures  of 
I I73K  and  1273K  for  periods  of  up  to  100  hours  is  also  being  investigated. 


Optical  photomicrograph  of  an 
etched  radial  cross-section  of  a 
composite  specimen  produced 
with  an  energy  input  of  4000 
kJ/kg  under  210  MPa  applied 
pressure.  The  macroscopic 
features  are  A -TiAl  particles, 
B-Nb-siabilized  Ti3Al  matrix. 
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Fig.6. 

Opticsl  photomicrograph  of 
specimen  in  Figure  S  at  high 
magnification  indicating  the  10 
pm  dimension  of  the  uniform 
interface  between  the  TiAl 
particles  (A),  and  the 
Nb-scabilized  Ti3Al  matrix  (B). 
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Abstract 

Intermetallic  matrix  composites  containing  discontinuous  ceramic  or  inteimetallic  particulate 
reinforcements  have  been  formed  by  high-energy  high-rate  powder  consolidation.  BCC- 
stabilized  Ti3Al  powder  matrices  have  been  consolidated  with  second  phases  including 
AIN,  TiB2,  and  TiAl  powders.  Processing  was  accomplished  by  discharge  of  a  single  high 
electrical  energy  pulse  through  a  powder  blend  under  pressure.  Control  of  energy  input 
produced  solid-state  and  liquid-phase-assisted  consolidation.  The  high-temperature  stability 
of  the  matrixAeinforcement  interfaces  was  compared  by  annealing  treatments  of  up  to  100 
hours  at  1073K  -  1273K.  X-Ray  diffraction,  analytical  electron  microscopy,  and 
microhardness  profiling  were  employed  in  characterizing  the  interfacial  phases. 
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Introduction 


It  has  been  recently  shown  (1)  that  a  broad  variety  of  materials  can  be  successfully  consolidated 
by  a  process  involving  the  deposition  of  a  large  amount  of  ener^  (megajoules)  in  a  veiy  shott 
time  (<  1  sec)  into  a  powder  mixture.  In  this  High  Energy  High-Rate  (HEHR)  process,  the 
short  residence  time  at  high  temperature  may  provide  the  necessary  mechanism  for  controlling 
the  degree  of  microstructural  coarsening  and  for  limiting  the  number  and  size  of  deleterious 
interface  structures  in  composites,  a  task  that  is  very  difficult  to  accomplish  by  conventional 
consolidation  techniques.  For  these  reasons,  this  high  energy  high  rate  processing  method  may 
be  of  particular  interest  in  the  consolidation  of  ('n3Al-f  Nb)  -  based  metal  matrix  composites 
from  initially  rapidly  solidified  powders. 

Preliminary  results  on  the  structure  and  properties  of  composites  based  on  (Ti3Al-fNb)  as  a 
matrix  and  SiC  or  TiAl  as  reinforcing  dispersoids  have  been  reported  (2,  3).  This  article  is 
aimed  at  discussing  the  matrix-reinforcement  interface  characteristics  in  three  HEHR 
consolidated  (Ti3Al+Nb)  -  based  metal  matrix  composites  containing  TiB2,  AIN,  or  TiAl 
reinfcH-cing  particles. 


Experimental  Procedure 


Materials 

Rapidly  solidified  T^Al  powders  (65  at  %  Ti,  11  at  %  Nb,  24  at  %  Al)  and  TiAl  powders  (51  at 
%  Ti,  49  at  %  Al)  were  supplied  by  United  Technologies  Pratt  and  Whitney  Division,  FL.  The 
as-received  Ti3Al  powders  had  a  disordered  bcc  structure  with  a  3.25  A  lattice  parameter  and 
were  spherical  in  form  with  diameters  ranging  from  10  to  150  microns.  The  TiAl  powder  had 

an  ordered  Y  structure  and  were  less  than  100  pm  in  diamv'ter.  TiB2  (<15  pm)  and  AIN  single 

phase  powders  (<1  pm)  were  supplied  by  Herman  C.  Starck,  West  Germany,  and  Alfa 
Products,  MA.,  respectively.  Figs.  1-4  show  the  shapes  and  sizes  of  the  as-receiv^  powders. 
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Fig.  1.  SEM  micrograph  of  as-received  Ti3Al+Nb  powder. 
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Fig.  2.  SEM  micrograph  of  as-received  TiA!  powder. 


Fig.  3.  SEM  microurapli  of  as-received  TiBj  jxiwder. 


Fig.  4.  SEM  micrograph  of  as-received  AIN  powder. 


Processing 

Powder  mixtures  of  Nb-stabilized  Ti3Al  with  TiB2,  AIN,  or  TiAl  as  reinforcements  were 
processed  by  rapidly  heating  them  in  a  cold  wall  die  using  a  fast  electrical  pulse  supplied  by  a 
homopolar  generator  (1).  TTie  mass  of  powder  used  was  12.5g  for  the  TiB2  and  AIN  mixtures, 
and  50g  for  the  TiAI  mixtures.  The  applied  pressures  varied  between  210  and  420  MPa  while 
the  specific  energy  inputs  ranged  from  3200  to  4800  kJ/kg.  The  amounts  of  TiB2,  AIN,  and 
TiAl  in  the  three  (Ti3Al+Nb)  -  based  composites  were  10  w/o,  10  w/o  and  20  w/o  respectively. 

Microstructural  Evaluation 

Standard  metallographic  procedures  were  employed  in  the  preparation  of  radial  cross  sections  of 
each  of  the  consolidated  materials.  Vickers  microhardness  measurements  were  performed  at 
room  temperature  on  both  the  as-received  and  consolidated  materials  to  assess  the  influence  of 
structural  changes  on  mechanical  properties.  Etched  cross  sections  were  examined  with  optical 
microscopes  with  or  without  Nomarski  interference  contrast  system.  X-ray  diffraction  analyses 
were  performed  on  a  Philips  diffractometer  fitted  with  a  copper  tube  and  a  graphite 
monochromator.  The  powder  samples  were  held  onto  an  aluminum  holder.  Sufficient  powder 
was  used  so  that  no  signal  was  detected  from  the  aluminum  sample  holder.  A  JEOL  35M 
scanning  electron  microscope  was  used  for  powder  characterization.  A  200  kV  JEOL- 200  CX 
instrument  was  used  in  the  TEM  studies,  which  were  conducted  on  specimens  taken  from 
diametral  slices  of  fully  dense  disks  and  thinned  by  electropolishing  (4)  for  observation. 
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Results  and  Discussion 


Consolidation  Parameters 

The  processing  parameters  used  for  consolidation  were  derived  from  parameter  sets  previously 
developed  for  the  unreinforced  matrix  materials.  The  most  identifiable  solid  state  densification 
mechanism  is  powder  forging.  Densities  greater  than  95%  of  the  calculated  theoretical  values 
were  obtained 

Microhardness 

Table  1  shows  the  average  room  temperature  microhardness  values  for  the  TiB2  and  AIN 
composites.  The  hardness  values  of  the  TisAl+Nb  matrix  of  both  systems  is  quite  close  to  the 
value  of  Ti3Al+Nb  monolith  compact  and  approximately  ten  percent  greater  than  the  value  of  as- 
received  powder.  This  is  a  result  of  the  microstnictural  changes  of  the  Ti3Al+Nb  matrix  which 
occur  in  response  to  the  applied  thermomechanical  processing  cycle  (5).  In  Ti3Al-HNb/TiB2 
system,  the  interfacial  region  has  a  hardness  value  between  the  matrix  and  the  reinforcements. 
In  the  case  of  Ti3Al+Nb/AlN  system,  the  width  of  the  interfacial  layer  was  too  small  for 
microhardness  measurements. 


Table  1.  Average  room  temperature  microhardness  (VHN;  500g.  load) 


(Ti3Al+Nb)^iB2  Ti3Al+Nb)/AlN  Ti3Al+Nb  Monolith  Ti3Al-»-Nb  Powder 


Matrix 

416 

425 

410 

375  „ 

Interface 

589 

.... 

Reinforcements 

1709 

1013 

— — 

— — 

Microstructure  and  Chemistry 

(TnAl+Nb/TiB^  System.  Figures  5  and  6  provide  typical  overviews  of  the  rapidly  densified 
microstructures  in  this  system.  The  Nb  stabilized  Ti3Al  matrix  is  well  consolidated  and  flows  to 
encapsulate  TiB2  reinforcements.  The  difference  in  particle  size  of  the  mauix  and  reinforcement 
is  responsible  for  the  TiB2  particle  agglomeration  on  the  matrix  panicle  surface.  In  lower 
energy  input  samples  (Fig.  5),  the  consolidation  between  TiB2  reinforcements  themselves  is 
poor,  and  no  new  interfacial  phases  can  be  found.  For  higher  energy  samples,  new  interfacial 
phases  begin  to  form  along  the  matrixAeinforcement  boundaries  and  good  consolidation  of  l'iB2 
panicles  is  achieved  (Fig.  6).  Within  a  narrow  specific  energy  input  range  (~5(XX)  kJ/kg)  good 
consolidation  of  TiB2  panicles  without  the  formation  of  interfacial  phases  may  eventually  be 
achieved.  Further  consolidation  experiments  are  underway.  XRD  analyses  of  the  phases 
present  in  the  processed  composite  reveal  the  likely  reaction  products  to  be  TiB  and  AIB2.  I'he 
matrix  has  undergone  the  same  microstnictural  changes  as  the  Ti3Al+Nb  monolith  compacts 
(3).  The  AIB2  has  similar  lattice  parameters  and  same  crystal  structure  as  TiB2.  HigHfcr  energy 
input  appears  to  increase  the  size  of  the  interfacial  phase  region  (Fig.  7). 

(Ti^Al-t-NbVAlN  System.  Fig.  8  is  a  typical  overview  of  the  microstructure  of  this  system. 
Ti3Al+Nb  matrix  flowed  well  to  encapsulate  individual  AIN  panicles  at  the  interface.  The 
consolidation  of  reinforcement  panicles  themselves  is  quite  satisfactory.  A  thin  interfacial  layer 
less  than  3  micron  wide  can  be  seen  between  matrix  and  reinforcement.  XRD  analyses  of  the 
processed  composites  showed  that  the  likely  reaction  product  is  Ti2N.  Similar  to  the  case  of 
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Fig.  5.  Optical  micrograph  of  an  etched  radial  cross  section  of  (Ti3Al+Nb)/riB2  sample 
produced  at  relatively  low  energy  input  (3800  U/kg).  A  is  the  (Ti3Al+Nb)  matrix 
and  B  is  the  TiB2  reinforcement.  Dark  regions  denote  TiB2  particles  pull-out. 


Fig.  6.  Optical  photomicrograph  of  an  etched  cross-section  of  (Ti3Al+Nb)/TiB2  sample 
produced  at  relatively  high  energy  input  (4200  kJ/kg).  Arrows  indicate  the 
formation  of  interfacial  reaction  zones. 
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Optical  photomicrograph  of  an  etched  cross-section  of  (Ti3Al+Nb)/riB2  sample 
pi^uced  at  higher  energy  input  (4600  kJ/kg).  Extensive  formation  of  an  interfacial 
phase  can  be  seen. 


Optical  photomicrograph  of  an  etched  radial  cross-section  of  (Ti3Al+Nb)/AlN 
sample  produced  at  relatively  high  energy  input  (4700kJ/kg).  A  is  the  (Ti3Al+Nb) 
matrix  and  B  is  the  AIN  reinforcement.  Arrow  indicates  the  interfacial  layer  zone. 
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(TisAl-f  Nb)/TiB2  ^stem,  the  consolidation  of  reinfoicement  panicles  themselves  is  veiy  poor 
in  lower  energy  input  samples  (Rg,  9). 


Fig.  9.  Optical  photomicrograph  of  an  etched  radial  cross-section  of  (Ti3Al-t-Nb)/AlN 

sample  produced  at  relatively  low  energy  input  (4100  kJ/kg).  A  thin  interfacial  layer 
can  still  be  seen. 


(Ti^AkNbl/TiAl  System.  Figure  10  is  a  typical  overview  of  the  microstructurc  of  this  sytem 
consolidated  at  a  specific  energy  input  of  4000  kJ/kg.  The  Nb  stabilized  Ti3Al  formed  the 
matrix  while  the  spherical  TiAl  particles  were  randonily  distributed  in  the  matrix.  The  phases 
present  in  the  matrix  and  reinforcement  particles  after  consolidation  were  analyzed  by 
transmission  electron  microscopy.  Lens-shaped  alpha-two  phase  and  residual  untransformed 
disordered  beta  phase  constituted  the  matrix  (Figure  1 1).  The  constituent  phases  in  the  TiAl 
reinforcement  after  consolidation  were  ordered  gamma  and  plate-shaped  alpha-two  (Figure  12). 
At  the  interface  of  matrix  and  the  reinforcement,  a  5  micron  layer  was  form^  (Figure  13).  An 
electron  diffraction  pattern  from  this  layer  showed  that  alpha-two  was  the  stable  phase  (Figure 
14).  The  chemistry  at  this  interface  region  was  analyzed  by  micro  energy  dispersive 
spectroscopy  (micro  EDS)  in  a  JEOL-12(X)  analytical  electron  microscope.  X-ray  spectra  were 
taken  from  the  matrix,  reinforcement,  and  interface  regions  (Figure  15).  Niobium  peaks  were 
observed  in  all  three  locations,  but  their  intensities  decreased  from  the  matrix  through  the 
interface  layer  and  into  the  reinforcing  particles. 

Evidently,  the  (Ti3Al+Nb)  regions  close  to  the  interface  arc  depleted  of  Nb  which  in  turn 
migrates  to  the  initially  Nb-freeTiAl  particles.  As  a  result  of  this  interparticlc  diffusion,  the  Nb- 

depleted  zone  transformed  from  the  disordered  (3  to  the  ordered  a2  structure  (Figure  14).  The 

width  of  the  interface  (Xi  zone  depends  on  the  temperature  developed  at  the  interface  during 

consolidation,  and  on  the  time  at  temperature.  In  our  experiments  a  thickness  of  ~  5  pm  has 
been  obtained  (Figure  15).  In  principle,  by  optimizing  the  energy  input,  the  Nb-depleted  layer 
can  be  drastically  decreased.  Another  possible  route  to  reducing  or  eliminating  the  interface 
layer  is  the  employment  of  Nb-rich  TiAl  particles.  Under  these  conditions,  the  driving  force  for 

Nb  diffusion  from  the  matrix  toward  the  reinforcing  panicles  will  disappear,  and  the  brittle  a: 
interface  will  not  form. 
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Fig.  10.  Typical  overview  of  consolidated  (Ti3Al+Nb)/TiAl  composite.  The  matrix  is 

Ti3Al+Nb  and  the  spherical  particles  are  TiAl. 


Fig.  1 1 .  Transinission  electron  micrograph  of  lens-shaped  alpha-two  phase  in  Ti3Al+Nb 
region. 
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Fig.  12.  Transmission  electron  micrograph  of  laminated  alpha-two  and  gamma  phases  in  TiAI 
region. 


Fig.  13.  Optical  micrograph  of  consolidated  Cn3Al+Nb)/TiAl  composite  showing  an  interface 
layer. 


Fig.  1 4.  Electron  diffraction  pattern  of  interface  layer  of  Fig.  1 3,  showing  that  the  structure  is 
alpha-two.  The  zone  axis  is  (1 120]. 
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Fig.  15.  Transmission  electron  micrograph  and  EDS  spectra  of  matrix,  interface,  and 
reinforcement  regions  in  consolidated  (Ti3.Al+Nb)/'ri.M  system. 
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Conclusion 


1.  (Ti3Al+Nb)-bascd  composite  with  TiBa,  AIN,  and  TiAI  particle  reinforcements  have  been 
sucessfully  produced  by  the  Hi^-Energy,  High-Rate  consolidation  process. 

2.  The  reaction  products  in  (Ti3Al+Nb)/riB2  seem  to  be  TiB  and  AIB2. 

3.  In  the  (Ti3AI+Nb)/AlN  system  the  likely  reaction  product  is  Ti2N. 

4.  The  (Ti3Al+Nb)/  TiAI  composite  is  characterized  by  an  a2  interface,  with  Nb  migrating  from 
the  matrix,  through  the  interface,  and  into  the  TiAI  reinforcements. 
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ABSTRACT 

This  paper  reviews  some  of  the  important  materials  structure- 
property  relationships  that  exist  for  copper-graphite  composites,  as 
they  influence  this  class  of  materials  in  high  current  applications. 

Commercial  composite  brushes  fail  in  high-speed/high-current  duly 
by  loss  of  the  low-melting-temperature,  metallic  binder,  usually 
lead-tin,  caused  by  the  high  flash  temperature  at  the  sliding  interface 
combined  with  the  softening  due  to  I^R  heating. 

The  virtues  of  binderless  copper-graphite  brush  materials  have 
driven  the  development  of  a  novel  high-energy/high-rate  processing 
approach  employing  a  homopolar  generator  as  a  T  MJ  in  1  s'  pulsed 
power  source.  The  discharge  of  such  an  energy  pulse  through  a 
powder  mixture  under  pressure  produces  a  dense  product  with 
improved  mechanical  and  electrical  properties  compared  to 
conventionally  sintered  commercial  material. 

The  rapid  processing  minimizes  internal  oxidation,  and  the  fast  post- 
pulse  cooling  promotes  the  freezing  of  the  copper  matrix  and  tight 
micro-encapsulation  of  the  graphite  particles  due  to  localized  energy 
deposition  at  the  copper-graphite  interface.  High  and  low  speed 
testing  have  been  used  in  the  preliminary  tribological  evaluation. 
The  behavior  of  these  materials  has  compared  favorably  to 
commercial  materials  for  pulsed  high-speed,  high-current  duty. 


Introduction 


During  the  past  ten  years,  a  considerable  amount  of  research  effort  has  been  dedicated  to 
design  and  development  of  a  solid-brush  current  collector  system  capable  of  reliably  transferring 
large  electrical  currents  through  sliding  contacts.  One  demand  originated  from  the  operating 
requirements  for  the  homopolar  generator  energy  transfer  system,  which  is  a  pulsed  power  source 
for  many  advanced  applications,  such  as  electromagnetic  launch  [1],  pulse  resistance  welding  [2], 
and  high  energy  high  rate  powder  consolidation  processing  [3J.  To  date,  studies  show  that  metal 
(copper  or  silver)-graphite  composites  have  the  most  satisfactory  performance  for  solid  brush 
materials  [4-7],  because  they  possess  the  basic  properties  required  by  the  high  current  density 
collector  at  high  sliding  speed;  a  high  melting  temperature  with  sufficient  mechanical  strength  and 
ductility;  hi^  thermal  and  electrical  conductivities;  and  low  friction  coefficient  and  low  wear  rate. 
Based  on  the  screening  tests  [4],  it  was  observed  that  the  total  contact  energy  loss  and  wear  rate 
were  minimal  when  the  brush  metal  mass  fraction  was  around  0.8.  Also,  it  has  been  suggested  that 
if  the  electrical  conductivity  of  the  copper-graphite  composite  could  be  improved,  substitution  of  a 
copper  matrix  for  a  silver  matrix  might  reduce  costs  for  some  applications. 

In  order  to  maximize  electrical  conductivity  in  a  copper-graphite  composite  material,  a 
continuous  three  dimensional  copper  network  must  be  formed  [8].  Two  main  manufacturing 
techniques  for  conventional  metal-graphite  composite.^  are  by  powder  metallurgy  and  by 
solidification  processing  such  as  metal  infiltration.  Each  technique  has  drawbacks  in  terms  of 
efficiently  utilizing  the  metal  constituent.  In  the  P/M  technique,  density  differences  between  the 
metallic  constituent  and  graphite  make  uniform  mixing  difficult.  Thin,  powdery  graphite  coatings 
on  metal  particles  during  mixing  prevent  direct  metal  to  metal  contact,  reducing  the  strength  of  metal 
matrix  as  well.  Differences  in  thermal  expansion  coefficients  tend  to  produce  discontinuities  within 
the  materials  made  by  the  infiltration  technique. 

A  new  approach  which  mixed  the  copper  and  copper-coated  graphite  powders  for  sintering 
was  introduced  by  Yas  et  al.  (9-10],  and  later  researched  by  P.  K.  Lee  (1 1].  In  general,  it  only 
provides  a  high  plating  efficiency  for  large  particle  size  (100-160  ^m),  and  multiple  platings  are 


needed  for  thick  unifonn  coatings.  For  flaky  graphite  particles,  uniform  plating  is  hard  to  obtain 
due  to  the  unavoidable  agglomeration  developed  during  electrolytic  deposition.  Further  progress 
made  by  Lee  showed  that  the  sintered  copper  and  copper-coated  graphite  material  had  a  significant 
increase  in  electrical  conductivity  compared  to  the  commercial  material  with  the  same  composition. 
This  result  indicates  that  electrical  resistivity  of  a  copper-graphite  composite  can  be  reduced  by 
forming  a  continuous  copper  matrix  which  is  well  sintered. 

Due  to  the  equilibrium  immiscibility  between  copper  and  graphite  at  all  temperatures,  the 
interfacial  bonds  are  weak;  they  can  be  improved  most  easily  by  adding  low  melting  temperature 
metal  binders,  such  as  tin  and  lead.  These  increase  the  wetting  between  the  matrix  and  graphite 
particles  in  the  conventional  sintering  process.  However,  in  the  future  high  current,  high  speed 
applications  the  flash  temperatures  at  the  sliding  contact  interface  are  so  high  that  the  presence  of 
such  low  melting  temperature  constituents  in  brush  materials  is  extremely  undesirable.  In  fact,  the 
melting  of  the  binder  phase  in  a  P/M  copper-graphite  brush  was  observed  at  the  sliding  speed 
around  220  m/sec  at  zero  current  [12].  In  addition,  the  electrical  conductivity  of  copper  is  very 
sensitive  to  impurities  [13],  The  large  interfacial  electrical  power  loss  associated  with  high  current 
density  due  to  contact  resistance  can  be  partially  reduced  by  minimizing  the  brush  electrical 
resistivity,  based  on  a  recent  contact  resistance  model  [14]. 

For  these  reasons,  it  appears  that  a  binderless  copper-graphite  composite  with  sufficient 
strength  has  excellent  potential  as  a  high  current-high  speed  brush  material. 

High  energy-high  rate  (HEHR)  consolidation  employing  a  pulsed  homopolar  generator 
(HPG)  is  an  attractive  alternative  processing  approach  for  such  binderless  copper-graphite 
composites  based  on  the  following  characteristics:  (1)  extremely  fast  processing  to  minimize  time 
for  internal  oxidation;  (2)  rapid  heating  and  cooling  rates  associated  with  the  pulsed  Joule  heating; 
(3)  possible  microencapsulation  by  preferential  heating  and  local  melting  at  copper-graphite 
interface;  (4)  a  dense  product  with  improved  mechanical,  electrical  and  thermal  properties  can  be 
produced  by  a  simultaneous  forging  action  during  the  rapid  heating  cycle. 
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Recent  studies  on  tribological  characteristics  of  powder  composite  materials  based  on  copper 
in  high  speed  firiction  [IS]  showed  that  for  sliding  speeds  up  to  44  m/s,  material  containing  at  least 
10  wt%  graj^ite  is  capable  of  forming  a  surface  film  which  reduces  the  friction  coefficient  and  can 
reliably  protect  the  contacting  surfaces  against  bonding;  addition  of  sulfur  and  molybdenum 
disulfide  in  this  case  essentially  did  not  affect  the  tribological  characteristics. 

It  is  evident  now  that  for  a  binderless  copper-graphite  high  current  brush  material,  the 
graphite  content  should  not  be  less  than  10  wt.%,  while  die  copper  matrix  mass  fraction  should  be 
as  high  as  possible  so  that  total  interfacial  power  loss  (frictional  plus  electrical)  can  be  minimized 
and  the  thermo/mechanical  behavior  of  the  interface  improved  by  the  elimination  of  low  melting 
point  constituents. 

In  this  HEHR  binderless  copper-graphite  composite  brush  consolidation,  the  graphite 
content  is  1 1  wt.%.  The  copper  and  graphite  powders  used  are  the  sane  as  in  a  commercial  P/M 
sintered  composite  which  contains  S  wt.%  tin  and  2  wt.%  lead  as  binders,  and  1 1  w/o  graphite. 
Selection  of  this  composition  allows  the  effects  of  "binder  vs.  binderless"  and  "conventional 
sintering  vs.  HEHR  consolidation"  to  be  compared  directly. 

The  Consolidation  Process 

Figure  1  shows  the  schematic  tooling  configuration  for  the  HEHR  consolidation  process. 
Investigations  have  involved  the  use  of  a  lOMJ  pulsed  HPG  as  a  power  source  and  a  modified 
vertical  axis  hydraulic  press  with  a  100  ton  force  capacity.  The  general  operating  characteristics  of 
the  HPG  are  described  elsewhere  [2].  Powders  were  mechanically  mixed  and  then  loaded  into  the 
cavity  of  the  die  which  was  made  of  a  dense  alumina  tube  with  an  inner  diameter  of  32  mm.  After 
compacting  the  powders  to  a  desired  pressure,  the  large  energy  pulse  was  discharged  from  the 
HPG,  producing  peak  currents  of  -lOOkA  passing  through  tlie  powder  mixture. 

Following  the  discharge,  the  pressure  was  maintained  for  3  minutes.  This  holding  period 
permits  conductive  heat  transfer  through  the  plungers  to  massive  copper  platens.  The  die  was  then 
unloaded  and  the  consolidated  disk-shaped  compact  was  ejected.  The  current  pulse  length  ranged 
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from  1  to  3  seconds,  depending  on  both  the  magnitude  of  the  stored  eneigy  (discharge  ipm)  and  the 
external  system  resistance.  The  magnitude  of  peak  current  ranged  form  31kA  to  136kA,  and  is  a 
function  of  the  above  two  parameters.  The  external  system  resistance  is  mainly  composed  of  the  die 
electrode  (plunger)  resistance  and  the  resistance  of  the  compact.  The  interfacial  resistances  are 
considered  negligible  for  the  internally  lubricated  copper-graphite  system  within  the  applied 
pressure  range  (240-690  MPa). 


Process  Parameters 

In  the  series  of  experiments  described  here,  material  variables  were  kept  fixed,  i.e., 
composition  (1 1  wt.%  graphite)  and  type  of  powders  (proprietary  copper  and  graphite  powders). 
The  subject  of  study  was  the  effects  of  process  parameters  on  the  consolidated  compact  properties. 
The  process  parameters  used  are  described  in  Table  1. 

Results  and  Discussion 

GCTgraLEg.amre5..of.Cojsp.lidatdC.oiPpa.gt5 

Three  general  features  were  observed  for  HEHR  consolidated  compacts: 

(1)  Preferred  orientation.  Based  on  x-ray  diffraction  patterns  and  microstiucture  examination  the 
basal  plane  of  graphite  platelets  was  found  to  be  normal  to  the  compacting  direction,  except  for  the 
limited  region  near  the  edge,  where  back  extrusion  had  occurred. 

(2)  Anisotropy  (axial  vs.  radial).  Electrical  resistivity  and  hardness  measurements  showed 
anisotropy  between  axial  and  radial  directions  of  the  compact.  This  was  attributed  to  density 
variation  due  to  stress  and  temperature  distributions  [16-17]  inside  the  die  during  the  consolidation, 
which  led  to  a  greater  degree  of  densification  in  the  axial  direction. 

(3)  Absence  of  oxidation.  Although  all  the  processing  experiments  were  conducted  in  air,  the  short 
process  time  (1-3  seconds)  appears  to  minimize  the  internal  oxidation  problems.  An  as-processed 
pure  copper  compact  which  had  a  near  theoretical  density  showed  an  electrical  conductivity  of  91% 
of  OFHC  copper.  Hydrogen  annealing  of  this  compact  would  further  enhance  the  conductivity. 
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Table  1 


THE  PROCESS  PARAMETERS  EMPLOYED 


COMPACTING  PRESSURE: 
HPG  DISCHARGE  RPM: 
DIE  DIAMETER: 

POWDER  MASS: 

L/DRATia 

ELECTRODE: 


241-689  MPa 

880-1300  (0.15-0.25  MJ) 

32  mm 

15gOR30g 

0.1  OR  0.15 

ETPCuOR304SS 


Figure  I  Schematic  configuration  of  the  HEHR  consolidation  process. 
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Effect  of  Process  Parameters  on  Compact  Piropenies 
fn  Effect  of  Compacting  Pressure 

In  Figure  2  a  linear  relationship  between  the  final  compact  density  and  the  compacting 
pressure  is  observed.  As  the  pressure  increases  from  240  to  690  MPa,  the  compact  density 
increases  from  6.30  to  6.68  g/cm^  which  is  99.85%  of  the  theoretical  density.  Figure  3  shows  that 
the  hardness,  which  is  the  average  for  the  hardnes<:es  measured  along  the  radial  direction  on  the 
compact  end  surfaces,  also  increases  with  the  compacting  pressure,  as  a  result  of  density  increase. 
It  is  obvious  that  the  compacting  pressure  plays  a  key  role  in  the  copper-graphite  composite 
consolidation  when  the  discharge  rpm  is  fixed,  which  corresponds  to  a  constant  energy  input  and  a 
specific  temperature  profile  during  the  dischar^. 
f21  Effect  of  Discharge  RPM  and  Powder  Mass 

Plots  of  density  vs.  rpm  and  hardness  vs.  rpm  are  shown  in  Figures  4  and  5,  respectively. 
A  maximum  in  density  or  hardness  is  observed  between  880  and  1300  rpm  which  covers  a  wide 
range  of  energy  input  (0.15  -  0.25  MJ).  A  30g  compact  developed  a  higher  density  than  the  15g 
compact.  As  discharge  rpm  increases,  the  heating  rate  of  the  compact  becomes  faster  and  the 
maximum  temperature  becomes  higher  due  to  the  characteristics  of  the  HPG  pulsed  Joule  heating. 
This  results  in  a  higher  strain  rate  during  densification.  On  the  other  hand,  a  mass  increase  will 
cause  a  lower  strain  rate,  due  to  a  concomitant  compact  thickness  increase.  These  combined  effects 
indicate  tlicre  is  an  optimal  strain  rate  for  maximum  densification. 

(3)  Effcct.Qf  ElfiCttsdc 

Most  experiments  were  done  with  stainless  steel  electrodes  rather  than  copper  electrodes. 
This  decision  was  based  on  the  observation  that  when  all  other  process  parameters  are  the  same, 
stainless  steel  electrodes  produce  a  denser  compact  than  copper  electrodes.  In  addition,  stainless 
steel  can  sustain  a  much  higher  compacting  pressure  without  any  noticeable  plastic  deformation,  and 
it  is  therefore  generally  reusable.  Furthermore,  problems  associated  with  adhesion  between  the 
surfaces  of  the  compact  and  the  electrode  are  much  reduced  when  stainless  steel  is  used.  However, 
stainless  steel  consumes  a  large  portion  of  the  input  energy  due  to  its  large  electrical  resistivity.  The 


148 


1100RPM-SS-15q 


Figure  2  Compacting  pressure  effect  on  the  compact  fmal  density. 


1100  RPM-SS-1Sa 


Figure  3  Compacting  pressure  effect  on  the  compact  end  surface  hardness. 
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tempeiatuie  rise  oi'  the  electrodes  caused  by  Joule  heating  has  a  very  significant  influence  on  the 
heat  transfer  at  the  electrode-compact  interface.  The  high  temperature  developed  in  the  electrodes 
has  a  favorable  effect  on  the  net  densification  by  forging. 

Figure  6  shows  the  microstructures  of  the  copper-graphite  composites  consolidated  using 
different  types  of  electrodes.  The  retained  porosity  in  the  copper  matrix  after  consolidation  with 
copper  electrodes  is  attributed  to  the  rapid  heat  extraction  by  conductive  heat  transfer  through  the 
relatively  cool  copper  electrodes. 

Microstnictures  and  Resistivity 

All  the  consolidated  compacts  were  sectioned  in  the  radial  direction,  metallographically 
prepared,  and  then  examined  by  SEM.  In  general,  a  fairly  unifoim  microstructrue  throughout  the 
entire  cross-section  was  observed.  Localized  recrystalUzation  of  copper  matrix  at  the  copper- 
graphite  interface  was  seen  in  the  relatively  high  density  compacts.  Dynamic  recrystallization  seems 
to  have  occurred  during  the  process.  The  morphology  and  size  distribution  of  the  starting  materials 
are  sho\vn  in  Figure  7.  Dendritic  copper  powder  with  a  large  internal  porosity  and  the  flaky 
graphite  powder  are  revealed  in  the  micrographs.  Microstmctural  changes  with  increasing  compact 
density  are  demonstrated  in  Figures  8  through  10,  which  range  from  a  green  compact  to  a  near-full 
density  compact.  The  copper  matrix  becomes  less  porous  as  the  density  increases.  Densification 
mainly  occurs  in  the  copper  matrix  by  effectively  closing  the  internal  and  inter-particle  pores.  A 
recrystallized  region  at  copper-graphite  interface  can  be  clearly  seen  in  Figure  10a.  Geometric 
conformity  between  copper  and  graphite  indicates  an  improved  interfacial  strength,  as  shown  in 
Figure  6a  and  Figure  10.  The  strong  contrast  between  Figure  8  and  Figure  10  is  indicative  of  the 
effectiveness  of  this  rapid  consolidation  process  in  retaining  a  very  fine  microstmeture. 

Electrical  resistivity  in  the  axial  direction  is  plotted  against  compact  density  in  Figure  11. 
The  theoretical  value  of  electrical  resistivity  for  copper- 1 1  wt.%  graphite  is  calculated  based  on  the 
law  of  mixtures.  Approximately  one  order  of  magnitude  decrease  in  resistivity  was  attained  through 
the  HEHR  consolidation.  When  the  electrical  conductivity  is  plotted  against  the  compact  density,  it 
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(a)  1 0nm 


(b)  lOum 


Figure  6  Effect  of  electrodes  on  compact  microstructure  and  density 

(a)  using  stainless  steel,  with  a  final  relative  density  =  96.2% 

(b)  using  copper  electrode,  with  a  final  relative  density  =  92.2% 
(compacting  pressure  =  379  MPa,  RPM  =  1100,  mass  =  15g) 
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Figure  7  SEM  micrographs  of  (a)  dendritic  copper  powder  and  (b)  flaky  graphite 
powder. 
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Figure  9  Microstructure  of  the  compact  w  ith  low  energy  input,  (density  =  92.2% 
compacting  pressure  =  379  MPa). 
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Fisurc  10  (3)  Microstructure  of  the  compsct  witli  intermediate  energy  input  (density 
99.85%,  compacting  pressure  =  689  MPa) 

(b)  close-up  of  the  copper  matrix 
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is  found  that  up  to  6.43  glcm\  conductivity  increases  linearly  with  density.  A  similar  relationship 
was  observed  by  Taubenblat  in  sintered  high  conductivity  copper  compacts  [18).  The  increase  of 
resistivity  in  the  region  above  6.43  g/cm^  is  thought  to  arise  from  the  defects  (di.slocation) 
associated  with  large  plastic  deformation  in  the  warm  forging  regime.  Comparing  the  measured 
resistivity  to  the  theoretical  value,  it  indicates  a  continuous  copper  matrix  was  maintained  and  a 
porosity  of  about  10%  was  effectively  eliminated  within  3  seconds  by  the  HEHR  consolidation.  A 
projected  low  resistivity  for  copper-1 1  wt.%  graphite  composite  sintered  by  copper-coated  graphite 
in  Figure  5  of  reference  1 1  has  actually  been  achieved  by  using  HEHR  consolidation.  The 
reference  binder-containing  commercial  composite  which  is  produced  with  the  same  powders,  on 
the  other  hand,  has  a  resistivity  as  high  as  32  pf2-cm,  with  a  density  of  5.5  g/cm^,  as  indicated  by 
the  anow  in  Figure  1 1 . 


102  - 

4 

4 


THEORETICAL  VALUE=2.57  pH-cm 

(NO  DISCHARGE) 


10®  -| - r— T - 1 - 1  -1 - 1 - 1 - 1 - - - 1 

S.8  6.0  6.2  6.4  6.6  6.8 

.3 

DENSITY  (g/cm  ) 

Figure  1 1  Relation  betAvcen  compact  density  and  axial  electrical  resistivity. 
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Nature  of  Pulsed  HPG  Heating 

In  order  to  explore  the  nature  of  the  pulsed  Joule  heating,  which  is  closely  related  to  the 
mechanism  of  HEHR  consolidation,  computer  simulation  of  heat  transfer  during  the  process  was 
attempted  for  the  case  using  copper  electrodes.  An  explicit  Hnite  difference  method  was  taken  to 
solve  the  Fourier  equation  for  an  axisymmelric  system.  Actual  dimensions  and  power  input  were 
used.  Calculation  stability  was  maintained  with  a  time  increment  of  1  millisecond.  Preliminary 
results  are  shown  in  Figure  12  and  13.  A  random  graphite  orientation  was  assumed  and  pressure 
effects  were  neglected  in  this  case.  The  total  system  resistance  R  was  also  plotted  in  Figure  12.  Ti 
is  the  temperature  at  the  center  of  the  compact  mid-plane.  Ty  is  the  temperature  at  the  center  of  the 
compact  end  surface.  T2  is  the  temperature  at  the  mid-point  between  the  above  two  points.  Te  is 
the  average  temperature  of  the  copper  electrodes.  The  nature  of  rapid  continuous  heating  and 
cooling  can  be  easily  seen  in  Figure  12.  The  heating  rate  is  around  5x10^  ®C/sec,  and  the  cooling 
rate  is  in  the.viginity  of  500®C/sec.  It  should  be  noted  that  the  total  resistance  which  decreases 
rapidly  from  the  beginning  reaches  the  minimum  as  the  temperature  of  the  compact  rises  to  the  peak, 
indicating  the  main  densificaiion  can  proceed  only  as  the  temperature  continues  to  increase.  The 
same  phenomenon  was  observed  in  the  sintering  of  fine  thoria  pow-der  under  continuous  heating, 
and  it  was  concluded  that  the  plastic  flow'  w'as  the  main  densification  mechanism  [19].  The 
resistance  rise  after  the  minimum  can  be  attributed  to  the  effect  of  temperature  rise  in  the  electrodes. 
Figure  13  shows  the  change  of  temperature  distribution  on  the  mid-plane  of  the  compact  with  time. 
The  highest  temperature  quickly  moves  toward  the  center  as  the  temperature  increases.  The  center 
then  remains  at  the  highest  temperature  until  the  end  of  the  discharge.  Less  heating  near  the  edge 
results  in  a  relatively  low  density  region,  which  is  confirmed  by  the  hardness  measurements. 

Preliminaiv  T~iholo’’Val  E  .iliiaiion 

Preliminary  evaluation  of  brush  pcrformance-rc.  cd  proi  n-es  was  accomplished  by  using 
three  different  types  of  testers  for  a  wide  range  of  slidii  ’  spee  (0-200  m/s).  The  HEHR 
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SAMPLE  #20  (Cu  ELECTRODES) 
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Figure  1 2  Simulated  temperature  change  with  time  during  powder  consolidation  process. 
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Figure  1 3  Simulated  change  of  temperature  distribution  with  time  on  the  mid-plane  of  the 
compact 
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consolidated  composites  of  two  different  densities,  i.e.,  6.43  g/cm^  (B)  and  6.58  g/cm^  (C),  along 
with  the  commercial  P/M  composite  A  were  tested. 

pin-On-Disc  Tester 

The  testing  conditions  and  test  results  are  as  stated  in  Table  2.  In  general,  the  steady  state 
wear  rates  were  very  low.  The  frictional  coefficient  of  the  HEHR  consolidated  material  was 
significantly  lower  than  the  reference  material.  Moreover,  pin  B  showed  an  even  lower  wear  rate 
than  pin  A,  and  no  transferred  copper  was  found  on  the  wear  track  of  the  disc.  Surface  films  were 
analyzed  after  the  test.  The  film  on  pin  A  was  found  mainly  composed  of  iron  and  graphite.  This 
iron  and  copper  interchange  indicated  that  the  surface  film  did  not  effectively  prevent  the  interfacial 
bonding  which  resulted  in  high  friction  and  relatively  higher  wear  rate.  The  surface  films  consisting 
of  copper  and  graphite  on  pin  B  and  pin  C  were  of  different  thicknesses.  The  higher  wear  rate  and 
thicker  film  of  pin  C,  which  was  consolidated  under  517  MPa,  were  attributed  to  the  internal 
cracking  of  graphite  caused  by  this  high  compacting  pressure.  This  reduced  the  strength  of  the 
graphite  and  the  interfacial  bonding  between  copper  matrix  and  graphite. 

The  test  results  obtained  here  can  be  interpreted  by  the  wear  mechanism  proposed  by  Eliezer 
et  al.  for  composites  (20].  Figure  14  shows  the  film  formed  on  the  pin  sliding  surface  after  the  test. 
The  EDS  iron  mapping  of  surface  film  on  pin  A  is  shown  in  Figure  15. 

Pulsed  HPG  System  Te.ster 

The  pulsed  HPG  system  tester  was  designed  as  a  test  bed  for  HPG  components.  The 
composite  brushes  were  discharged  at  1000,  1200,  and  2400  rpm  in  the  ambient  atmosphere 
without  external  cooling.  For  a  2400  rpm  discharge,  the  brush  sliding  speed  is  80  m/s.  Due  to  the 
technical  difficulties  encountered  during  the  te.sts,  complete  data  collection  was  not  accomplished  for 
every  discharge.  Table  3  .shows  the  test  results  obtained  for  3  discharges.  For  the  HEHR 
con.solidated  brushes,  no  appreciable  wear  was  found  when  all  the  tests  were  finished.  A  high 
current  density  (up  to  14  MA/m^)  capability  at  high  .sliding  .speeds  was  confirmed.  A  consistent  low 
voltage  drop  and  low  contact  resi.stance  were  ob.served  at  brush  B. 
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Table  2 


RESULTS  FROM  PIN^N-DISC  TESTER 
DISC;  4340  STEEL  (Rc=40) 

SLIDING  SPEED:  0.6  m/s 

ENVIRONMENT:  LAB  AIR.  WITHOUT  EXTERNAL  LUBRICATION 
LOAD/AREA  RATIO:  75N/cm2 


PIN 

A 

fi 

£ 

FRICTION  COEFF. 

0.31 

0.24 

0.19 

WEAR  RATE  (10-3  mm3/km)  3.36 

1.82 

10.2 

SURFACE  HLM 

Fe-Gr 

Cu-Gr 

Cu-Gr 

ON  PIN 

THIN 

THIN 

THICK 

SHAPE  OF  MAIN  DEBRIS  RNE 

HNE 

FLAKY 

COPPER  SMEARED 

YES 

NO 

YES 

ON  DISC 

Table  3 

1 1  m.1  ^lirf  WM  u  kl*JM  «  ■  1  VJUl  1 1  wH  I  *1 UMI  1  *4  k W 

BRUSH  DOWN  FORCE  =  31.2  N 

BRUSH  FACE  AREA=  2.4  cm2 

DISCHARGE  RPM 

1000 

1200 

im 

PULSE  LENGTH(S) 

5 

3 

3 

MACHINE  VOLTS(V) 

2.7 

2.2 

2.35 

MACHINE  CURR(kA) 

25 

29 

31 

TYPE  OF  BRUSH 

A  £ 

A  fi  £ 

A 

BRUSH  VOLTAGE 

2.4  2.9  1.3 

.55  .4  .55 

.37  .18 

DROP(V) 

BRUSH  CURR(kA) 

2.8  3.4  2.04 

.. 

TEMP(®C) 

53  82  - 

97  - 
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(b)  1 000^1  m 

Figure  14  Surface  films  formed  after  pin-on-disc  test 

(a)  on  pin  A,  which  was  a  mixture  of  iron  and  graphite 

(b)  on  pin  D,  which  was  a  mixture  of  copper  and  graphite 
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10|im 

Figure  1 5  EDS  iron  mapping  of  surface  film  on  pin  A. 
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Hiph-Soeed  Bnish  Tester 

The  high  speed  brush  tester  was  mainly  designed  for  investigation  on  flash  temperature 
related  phenomena.  A  thermal  video  imaging  system  was  incorporated  with  the  tester  for  real  time 
temperature  imaging.  The  HEHR  consolidated  composite  brushes  were  tested  at  SO  m/s  for  80 
minutes  and  at  200  m/s  for  1  minute  at  zero  current.  In  Figure  16,  the  wear  rates  obtained  from  this 
test  were  plotted  with  those  for  the  reference  composite  studied  by  Casstevens  et  al.  [21].  The  wear 
rates  for  these  three  composites  obtained  from  the  earlier  pin-on-disc  tester  at  0.6  m/s  are  also 
plotted  in  this  figure.  Even  though  the  load/area  ratio  is  higher  in  the  case  of  brushes  B  and  C,  their 
wear  properties  are  quite  comparable  to  the  reference  material  A.  As  the  speed  goes  up  to  200  m/s, 
brushes  C  and  D  show  only  a  slight  increase  over  their  wear  rate  at  SO  m/s.  However,  the  wear  rate 
of  the  reference  material  shows  a  linear  increase  with  sliding  speed,  and  approximate  by  one  order 
of  magnitude  increase  in  wear  rate  as  speed  increases  from  SO  m/s  to  200  m/s.  The  HEHR 
consolidated  copper-graphite  composites  clearly  demonstrate  their  superior  wear  properties  at  high 
speeds. 


Figure  16  Comparison  of  wear  behavior  up  to  the  sliding  speed  of  200  m/s. 
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From  these  experimenta!  results  and  the  electrical  resistivity  measurements  mentioned 
earlier,  the  HEHR  consolidation  process  can  be  developed  into  a  viable  alternative  technique  for 
producing  binderless  copper-graphite  composite  brushes  for  future,  advanced,  high-current,  high¬ 
speed  applications. 

Conclusions 

(1)  The  main  densification  mechanism  for  this  P/M  copper-graphite  system  is  determined  to 
be  plastic  flow. 

(2)  For  high-speed,  high-current  applications,  the  high-energy/high-rate  consolidation 
process  is  a  promising  technique  for  producing  high  density,  and  high  electrical  conductivity 
binderless  copper-graphite  composites  with  improved  strength. 

(3)  Judicious  combination  of  copper  and  stainless  steel  as  heat  transfer  elements  in 
consolidation  dies  can  control  the  time  at  temperature  and  the  densification  kinetics  of  these 
materials. 

(4)  The  tribological  behavior  of  these  materials  appear  especially  promising  at  current 
densities  of  >10  MA/m^  and  sliding  speeds  >  100  m/s. 
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A  NOVEL  PROCESSING  TECHNIQUE 

FOR  METAL-  CERAMIC  COMPOSITES 

Z.  Eliezer*,  M.  J.  Wang,  C.  Persad,  and  J.  Gully, 

Center  for  Materials  Science  and  Engineering 
The  University  of  Texas,  Austin,  TX  78712,  USA. 


INTRODUCTION 

Powder-based  metal-ceramic  composites  can  be  produced  by  a  variety  of  methods  including  the  use  of  large  electrical 
currents.  For  over  fifty  years  it  has  been  known  that  the  oirect  electrical  resistance  heaung  of  conductive  metallic 
powder  materials  can  cause  densification.  The  mechanism  by  which  this  densification  proceeds  is  material  specific  and 
IS  related  to  time  at  temperature  during  pmcessine.  Hie  interest  in  the  use  of  electrical  current  for  heating  of  powders 
has  been  sporadic  (1-5J  and  has  been  handicappea  by  the  absence  of  a  weii-matcJied  power  source. 

Over  the  last  decade,  devices  for  the  production  of  pulsed  electrical  power  have  enjoyed  a  developmental  thrust  In 
particular,  homtmolar  generators  (HPG)  based  upon  the  Faraday  disk  have  been  successfully  engineered  and 
conunercialized(o].  The  availability  of  tliese  machines  as  pulsed  power  sources  has  fostered  the  development  of  novel 
powder  processing  approaches  for  metal-ceramic  composites. 

At  the  University  of  Texas  at  Austin,  powder  processing  powered  by  a  homopolar  generator  has  been  developed  as  a 
hIgh-cnerEy  hign-ralc  (HEHR)  materials  processing  tecnniquel7J.  The  T  MJ  in  Is  pulsed  energy  delivery  fiom  a  10 
Ml  HPG  has  bMn  employed  in  a  wide-ranging  series  of  processing  experiments.  Metal-ceramic  composite  processing 
has  been  studied  extensively  (8-11].  The  material  systems  characterized  have  included  aluminum-silicon  carbidelSj, 
nickel-molybdenum  boridel9],  and  copper-graphite(10, 11). 

In  what  follows  we  will  describe  in  detail  the  processing  approach  employed  for  the  consou  Jation  of  copper-graphite 
composites,  and  the  results  of  their  evaluation  as  high  temperature  tribological  materials. 

In  order  to  obtain  a  maximum  electrical  conductivity  in  a  copper-graphite  composite  material,  a  continuous  three 
dimensional  copper  network  must  be  formed.  Two  manufacturing  techniques  for  conventional  copper-graphite 
composites  are  powder  metallurgy  and  metal  infiltration.  In  the  conventional  P/M  technique,  uniform  mixing  is 
difncult  to  achieve  due  to  the  large  difference  in  density  between  the  copper  and  graphite  consiutuents.  A  Ain  graphite 
coating  which  develops  on  metal  particles  during  Ae  mixing  prevents  auect  metal  to  metal  contact,  resulting  in  a  low 
strengA  matrix.  In  Ae  infiltration  technique,  Ae  metal  fillers  may  not  be  continuous-in  Ae  porous  graphite  structure 
after  cooling  due  A  Ae  differences  A  Aenfial  contraction. 

Due  to  Ae  equilibrium  Immiscibility  between  copper  and  graphite  at  all  temperatures,  Ae  interfacial  bonds  are  weak; 
they  can  be  improved  most  easily  by  adding  low  melting  temperature  mcial  binders,  such  as  tin  and  lead.  These 
increase  Ae  wetting  between  the  matrix  and  graphite  particles  in  Ae  conventional  siniering  process.  Howler,  when 
used  in  high<urTenl,  high-speed  sliding  contact  applicauons  the  flash  temperatures  at  Ae  sliding  conuct  interface  are  so 
high  that  Ae  low  melting  temperature  constituents  of  Ae  brush  materials  are  extremely  undesirable.  In  fact,  Ae  melting 
ofme  binder  phase  in  aP/M  copper-graphite  brush  was  observed  at  the  sliding  speed  of  220  nVs  wAout  carrying  apv 
currentll2].  In  addition,  A'e  electrical  conductivity  of  copper  is  very  sensitive  to  the  impuritiles.  The  wge  interfacial 
electrical  ^wer  loss  associated  wi  A  high  current  density  and  contact  resistance  can  be  partially  offset  by  mimnuzing 
Ae  brush  electrical  resistivity,  as  recently  desaibed  m  a  contact  resistance  model[l3]. 

For  Aese  rcisons,  binderless  copper-graphite  composites  wiA  sufficient  strengA  are  die  most  desirable  candidates  for 
high<uxTent  high-speed  brush  materials. 

High-energy  high-rate  consolidation  employing  a  homopolar  genfitor  is  an  attractive  alternative  piwessing  approach 
for  binderiess  copper-gr.iphite  compo.sites  based  on  the  following  characteristics:  (1)  exuemely  fast  prwessing  to 
minimize  time  for  iniemai  oxidation;  (2)  rapid  healing  and  cooling  rales  associated  wiAAe  pulsed  Jwle  heatmg;  (3) 
possible  microencapsulaiion  by  preferential  lieating  and  local  melung  at  copper-graphite  interface;  (4)  a  dense  product 
wiA  improved  mechanical,  electrical  and  Aermal  properties  can  be  produced  by  simultaneous  forging  during  Ae 
discliarge. 
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experimental  approach 


Materials:  Studies  indicate  that  for  a  binderless  copper-graphite  high-current  brush  material,  the  graphite  content  should 
not  be  less  than  10  w/o.  while  the  copper  matrix  mass  fraction  should  be  as  high  as  possible.  In  this  HEHR  binderless 
copper-graphite  composite  brush  consolidation,  the  graphite  content  is  thus  selected  as  11  w/o.  The  copper  and 
graphite  powders  used  are  the  same  as  in  a  commerciafP/M  sintered  composite  which  contains  S  w/o  tin,  2  w/o  lead  as 
binders,  and  11  w/o  graphite.  The  appearance  of  the  starting  powders  is  shown  in  figure  1,  which  indicates  the 
morphology  and  size  distribution  of  the  dendritic  co;^  powders  and  the  flaky  graphite. 


(*)  10pm  100pm  I 


Figure  1  SEM  micrographs  of  (a)  dendritic  cojpcr  powder  and  (b)  flaky  graphite  powder. 


The  Consolidation  Process:  Figure  2  shows  the  schematic  tooling  configuration  of  the  HEHR  consolidation  process. 
Investigations  have  involved  the  use  of  a  10  MJ  pulsed  HFG  as  a  power  source  and  a  modified  vertical  axis  hydraulic 

Press  with  a  890  kN(100  ton  force)  capacity.  The  operating  characteristics  of  the  HPG  are  described  elsewhere  [14]. 
owders  are  mechanically  mixed  and  then  loaded  into  the  cavity  of  the  die  which  was  made  of  a  dense  alumina  tube 
with  an  inner  diameter  of  32  mm.  After  compacting  the  powders  to  a  desired  pressure,  the  large  current  pulse  was 
discharged  from  the  HPG,  passing  through  the  powda  mixture. 

Following  the  discharge,  the  pressure  was  maintained  for  180s.  This  holding  period  permits  conductive  heat  transfer 
through  tne  plungers  to  massive  copper  platens.  The  die  was  then  unloaded  and  the  consolidated  compact  was  ejected 
TTie  current  pulse  length  ranged  from  i  to  3  seconds,  depending  on  both  the  discharge  rpm  and  the  external  system 
resistance.  The  peak  current  ranged  from  31kA  to  13o  kA,  depending  again  on  the  above  two  parameters.  The 
external  system  resistance  was  mitinly  composed  of  the  electrode  (plunger)  resistance  and  the  resistance  of  the  compact 
The  interfacial  resistances  are  considered  negligible  vdthin  the  pressure  range  applied  (241-689  MPa). 
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32 
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0.1  OR  0.15 
EIP  Cu  OR  304SS 


Figure  2  Schematic  configuration  of 

the  HEHR  consolidation  process. 


Process  Parameters:  In  this  senes  of  experiments,  material  variables  were  kept  fixed,  i.e.,  composition  (11  w/o 
graphite)  and  type  of  powders  (proprietary  copper  and  graphite  powders).  Emphasis  was  given  to  the  effects  of 
process  parameters  on  the  consolidated  compact  properties.  The  process  parameters  used  are  described  in  table  1. 


RESULTS  AND  DISCUSSION 

General  Features  of  Consolidated  Compacts:  Three  general  features  were  observed  for  HEHR  consolidated  compacts: 

(1)  Preferred  orientation  :  Based  on  x-ray  diffraction  patterns  and  microstructure  examination  the  basal  planes  of 
CTMhite  platelets  were  found  to  be  nprmal  to  the  compacting  direction,  except  for  the  limited  region  near  the  edge  which 
had  been  back  extruded.  The  uniaxial  compression  with  large  height  -to-diameter  C-/D)  rauo  is  responsible  for  this 
phenomenon. 
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f2^  Anisotropy  (axial  vs  rndial) :  Electrical  resistivity  and  hardness  measurements  showed  anisotropy  vetween  axial  and 
radial  directions  of  the  compact  This  was  mainly  attributed  to  density  vaiiation  due  to  stress  a  id  tempcnituie 
distributions  inside  the  die  during  the  consolidation,  which  led  to  a  greater  degree  of  densification  in  the  axi^  direction 
(3.15].  . 

(31  Absence  of  oxidation  :  Although  all  processing  was  conducted  in  air,  the  short  process  time  at  high  temnerature 
minimizes  the  degree  of  internal  oxidation.  An  as-processed  pure  copper  compact  which  had  a  near  theoretical  density 
showed  a  91%  electrical  conductivity  relative  to  OHfC  copper.  Hydrogen  annealing  of  this  compact  would  further 
enhance  the  conductivity. 

Effect  of  Compacting  Pressure:  In  figure  3  a  linear  relationship  between  the  final  compact  density  and  the  compacting! 
pressure  is  observed.  As  the  pressure  increases  from  241  to  689  MPa,  the  compact  density  increases  from  6.30  to 
6.68  g/emr  which  is  99.85%  of  the  theoretical  density.  Figure  4  shows  that  the  hardness  which  is  the  average  of  the 
hardnesses  measured  along  the  radial  direction  on  the  compact  end  surfaces  also  increases  with  the  compacting 
pressure,  as  a  result  of  density  increase.  It  is  obvious  that  the  compacting  pressure  plays  a  key  role  in  the  copper- 
graphite  composite  consolidation  when  the  discharge  ipm  is  fixed,  which  corresponds  to  a  constant  energy  input  and 
the  development  of  specific  temperature  profile  during  tnc  discharge. 


iiMiini.itm 


200  200  400  too  <00  700 

oooiOAmNQ  pnttimi  (MOt) 


H9CJ>»V  SS-1^ 


§  * 


IM  4M  100  lOO  700 

COMOACTMI  MtUUM  (Uni 


Figure  3  Compacting  pressure  effect 
on  the  compact  final  density. 


Figure  4  Compacting  pressure  effect  on 

the  compact  end  surface  hardness. 


^ect  of  Electrode  Materials:  Most  experiments  were  done  with  stainless  steel  electrodes  rather  than  copper  electrodes. 
This  is  cased  on  the  fact  that  when  all  other  process  parameters  are  the  same,  stainless  steel  electrodes  produce  a  denser 
compact  than  copper  electrodes.  Several  factors  account  for  this;  a)  stainless  steel  can  sustain  a  much  higher 
compacting  pressure  without  any  noticeable  plastic  deformation;  b)  while  stainless  steel  consumes  a  large  portion  of  the 
input  enercy  due  to  its  large  electrical  resistivity,  the  temperature  rise  of  the  electrodes  caused  by  Joule  neaiing  has  a 
very  significant  influence  on  the  heat  transfer  at  the  electrode-compact  interface,  establishing  a  transient  heat  bamer  for 
the  compact  during  densification:  c)  the  total  amount  of  energy  delivered  to  the  load  is  higher  in  the  case  of  stainless 
steel  because  the  lower  energy  loss  at  brush-rotor  interface  associated  with  the  smaller  peak  current  and  longer  pulse 
length  makes  the  energy  conversion  more  efficient;  d)  the  adhesion  between  the  densifiea  copper-graphite  compact  and 
the  electrode  is  reduc^  e)  the  electrodes  are  gener^y  reusable. 


Figure  5  (a)  Microstructure  of  the  compact  with  intermediate  energy  input  (density  ••  99.85%, 

compacting  pressure  »  689  MPa)  (b)  close-up  of  the  copper  matrix 


Microstructures  and  Resistivity:  All  the  consolidated  compacts  were  sectioned  in  the  radial  direction,  meuillographically 
prepared,  and  theii  examined  oy  SEM.  In  general,  a  fairly  uniform  microstructure  throughout  the  entire  cross-section 
was  observed.  Localized  recrystalJization  of  copper  matrix  at  the  copper-graphite  interface  was  seen  in  the  relatively 
hich  density  compacts.  Dynamic  recrystallizauon  seems  to  have  occurred  during  the  process.  Densification  occurs  in 
the  copper  matrix  by  effectively  closing  the  internal  and  inter-particle  pores.  Excellent  conformity  between  copper  and 
graphite  iricates  an  improved  interfacial  strength,  as  shown  in  figure  5.  The  microsuucture  in  the  densified  composite 
material  indicates  the  success  of  this  rapid  consolidation  process  in  retaining  very  fine  microstructure. 
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Electrical  resistivity  in  the  axial  direction  is  plotted  against  compact  density  in  figure  6.  The  theoretical  value  of 
eiectneal  resistivity  for  copper- 11  w/o  graphite  is  calculated  based  on  the  law  of  mixtures.  An  order  of  magnitude 
disease  in  resistivity  was  attained  through  the  HEHR  consolidation.  When  the  electrical  conductivity  is  plottedagainst 
the  compact  density,  it  is  found  that  up  to  6.43  g/cm^,  conductivity  increases  linearly  with  density.  A  similar 
relationship  was  observed  by  Taubenblat  in  sintered  high  conductivity  copper  compacts!  lo].  The  increase  of  resistivity 
in  the  region  above  6.43  g/cm^  most  likely  results  from  the  defects  (high  dislocation  density)  associated  with  large 
plastic  deformation  in  the  continuously  cooled  compacts.  A  comparison  of  the  measured  resistivity  to  the  theoretical 
value  indicates  that  a  continuous  copper  matrix  was  maintained  and  a  porosity  of  about  10%  was  effectively  eliminated 
within  3  seconds  by  the  HEHR  consolidation.  A  projected  low  resisuvi^  for  copper- 1 1  w/o  graphite  composite  made 
from  sintered  copper-coated  graphite  [17]  has  been  achieved  by  using  H£^  consolidation,  the  reference  commercial 

conqiosite  which  is  produced  from  similar  powder  stock  has  a  resistivity  of  37  iin<m,  with  a  density  of  5.5  g/cm^,  as 
indicate  by  the  arrow  in  figure  6. 


Nature  of  Pulsed  liPG  Heating:  In  order  to  explore  the  effectiveness  of  the  pulsed  Joule  heating,  which  is  closely 
related  to  the  mechanism  of  HEHR  consolidation,  computer  simulation  of  heat  transfer  during  the  process  was 
attempted.  An  explicit  finite  difference  method  was  taken  to  solve  the  Fourier  equation  for  an  axisyn^etric  system. 
ActD^  dimensions  and  power  input  were  used.  Calculation  stability  was  maintained  with  a  lime  increment  of 
millisecond.  The  nature  of  rapid  continuous  heating  and  cooling  can  be  easily  seen  in  figure  7.  The  heating  rate  is 
around  5x10^  K/s,  and  the  cooling  rate  is  in  the  vicinity  of  500  K/s.  It  should  be  noted  that  the  total  resistance  which 
decreases  rapidly  from  the  beginning  reaches  the  minimum  as  the  temperature  of  the  compact  rises  to  the  peak. 


THtMCnCAt.  VAlUf  .1^ 


Figure  6  Relation  between  compact  density 
and  axiai  electrical  resistivity. 


Figure  8  Simulated  chartge  of  temperature  distribution 
with  time  on  the  mid-plane  of  the  compact. 


Figure  7  Simulated  teniperamre  change  with  time 
during  powder  consolidation  process. 


Figure  9  Comparison  of  wear  behavior 

up  to  the  sliding  speed  of  200  m/s. 


indicating  the  main  densification  can  proceed  only  as  the  temperature  continues  to  increase.  The  same  phenomenon 
was  observed  in  the  sintering  of  fine  thoria  powder  under  continuous  heating,  and  it  wa-  concluded  that  plastic  flow 
was  die  main  densification  mechanism!  18).  Tha  resistance  rise  after  it  reacMs  the  minimum  can  be  attributed  to  the 
effect  of  temperature  rise  in  the  electrodes.  Figure  8  shows  the  change  of  temperature  distribution  on  the  mid-plane  of 
the  compact  with  time.  The  highest  temperature  quickly  moves  towards  the  center  as  the  temperature  increases.  The 
center  continues  then  to  exhibit  the  highest  temperature  until  the  end  of  the  discharge. 

Tribological  Evaluation:  rrelLmin^  evaluation  of  brush  performance-related  propenies  was  accomplished  bv  using 
testers  with  a  wide  ran"e  of  sliding  speeds  (0-200  m/s).  The  HEHR  consolidated  composites  of  two  different 
densities,  i.e.,  6.43  g/cm^(B)  and  6.58  ^cm^  (C),  along  with  the  commercial  P/M  composite  (A)  were  tested. 
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(1)  pi!i<fd  HPG  rvttem  tfjiier :  The  pulsed  HPG  system  tester  was  designed  as  a  test  bed  for  HPG  components,  u 
allows  simulation  of  the  operating  environment  of  HPG  brashes.  Voltage  drop,  current  and  temperature  were 
measured.  The  composite  brushes  were  discharged  at  1000, 1200,  and  2400  rpm  in  air  without  external  cooling.  For 
a  2400  rpm  discharge,  the  brash  sliding  speed  is  80  m/s.  Table  2  shows  the  test  results  obtained  for  3  discharges.  For 
the  HMR  consolioated  brashes,  no  appreciable  wear  was  found  when  all  the  tests  were  finished.  A  high  cunent 
density  (up  to  14  MA/m^)  capability  at  high  sliding  speeds  was  confirmed.  A  consistent  low  voltage  drop  and  low 
contact  resistance  were  observed  at  brush  B. 


T«bl«  2 


<;prrn  PgnSM  T^ST  O!  ;;vi:;~rv  TrcTrq 


BRUSH  DOWN  FORCE  -  31.2  N 
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(?)  Hi'-h-^peed  brash  tester :  The  high  speed  brash  tester  was  mainly  designed  for  investigation  on  flash  temperature 
related  phenomena.  A  thermal  video  imaging  system  was  incorporated  with  the  tester  for  real  time  temperature 
imagine  Continuous  testing  at  speeds  of  up  to  200  m/s  at  6000  A  is  possible.  The  HEHR  consoli^ttd  composite 
“  ^  minutes  and  at  200  m/s  for  1  minute  at  zero  current.  In  figure  9,  the  we^  ra^es 

d  with  those  for  the  reference  composite  studied  by  Cassteyens  ct  al.[19].  The 


imaging.  Conunuous  tesung  at  spec 
brusnes  were  tested  at  50  m/s  for  80 
obtained  from  these  tests  were  plotted 


s  the  speed  goes  up  to  zuu  m/s,  orusnes  o  ana  c.  snow  oniy  a  sugni  increase  ovci  uicu  wcu 
rate  at  50  m,‘s.  However,  the  wear  rate  of the  reference  material  A  shows  a  linear  increase  with  slidinespeed,  ^d 
exhibits  approximately  one  order  of  magnitude  increase  in  wear  rate  as  speed  increases  from  50  m/s  to  200  nVs.  1  he 
HEHR  consolidated  copper-graphite  composites  clearly  demonstrate  their  superior  wear  properties  at  high  speeds. 
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Abstract 

Current  collection  in  high-current  electrical  machines  imposes  se\’ere 
electrotribological  duty  on  sliding  electrical  contacts.  Examples  of  such  duty  are  found  in 
the  contacts  in  homopolar  machines  where  velocities  of  200  m/s  and  current  densities  of  2 
kA/cm^  must  be  sustained.  Even  more  demanding  are  the  requirements  placed  on  solid 
armatures  in  electromagnetic  accelerators,  where  velocities  >  2000  m/s  and  current  densities 
of  200  kA/cm^  are  desired.  For  these  applications,  self-lubricating  composites  with  high 
electrical  conductivity  are  being  developed. 

Binderless  copper-graphite  powder  composites  are  promising  materials  for  low-wear 
sliding  electrical  contacts  at  velocities  of  -200  m/s  and  at  current  densities  >  1  kA/cm^. 
These  materials  are  made  by  a  process  which  employs  "1 MJ  in  Is"  pulse  resistive  heating 
of  a  powder  mass  under  pressure.  Composites  processed  in  this  way  have  higher 
densities,  hardnesses,  and  electrical  conductivity  than  conventional  commercial  materials 
containing  low  temperature  binders.  The  wear  rate  of  the  coppcr/graphite-on-steel  couple  at 
high  sliding  speeds  (>  100  m/s)  appears  to  be  controlled  by  the  size,  volume  fraction,  and 
orientation  of  the  graphite. 

For  solid  armatures  in  electromagnetic  accelerators,  the  state-of-the-art  system 
consists  of  a  high  conductivity  aluminum  alloy  sliding  on  copper.  At  velocities  of  1000  m/s 
to  2000  m/s,  this  type  of  armature  undergoes  a  hybridization  process  in  which  a  fluid  is 
formed  at  the  sliding  interface.  Energy  dissipation  at  the  interface  is  increased  as  a 
consequence,  and  the  net  result  is  a  decrease  in  efficiency  of  the  conversion  of  electrical 
energy  into  kinetic  energy.  For  this  application,  a  variety  of  composite  materials  approaches 
are  under  development.  These  include  an  aluminum-alumina  composite  with  graded 
electrical  resistance;  a  copper-tungsten  planar  composite;  a  tungsten-copper  powder 
comix)site:  and  a  tungsten-tungsten  carbide-carbon-copper  composite  with  nanosized 
constituents. 
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Introduction 


In  this  paper  we  describe  several  advanced  composite  materials  being  developed  for 
current  collection  in  two  classes  of  high-performance  electrical  machines:  homopolar  pulse 
generators;  and  electromagnetic  launchers.  Current  collection  is  performed  under  sliding 
conditions  hence  the  use  of  the  descriptor  "electrotribological.". 

Homopolar  pulse  generators  transform  rotational  kinetic  energy  into  electrical  energy 
utilizing  the  Faraday  effect.  A  low  voltage,  high  impedance,  megampere  current  source  is 
obtained  by  rotating  a  metal  disk  in  a  magnetic  field  and  harvesting  the  energy  pulse  during 
the  braking  of  the  disk  to  a  stop.  Pulsed  power  technology  has  enjoyed  a  recent  resurgence 
and  has  been  identified  as  a  critical  technology  for  the  USA  (1).  The  homopolar  pulse 
generator  technology  is  one  of  the  enabling  technologies  for  efficient  pulsed  power.  More 
directly  pertinent  to  this  study  is  the  recognition  of  homopolar  generator  current-collecting 
contacts  (bmshfis)  as  a  tribo-materials  requirement  for  critical  applications  (2). 

Electromagnetic  launchers  are  capable  of  delivering  high  kinetic  energy  payloads  such 
as  those  required  for  earth-to-space  launch.  Velocities  >1  km/s  are  obtained  by 
accelerating  a  solid  armature  between  two  conductors  (or  rails).  Barber  (3)  has  defined  this 
as  the  hypervelociQ'  sliding  contact  regime  and  has  described  some  of  the  armature/rail 
interactions  leading  to  the  formation  of  a  fluid  interlayer.  The  fluid  interlayer  initiation  has 
been  reported  to  be  a  strong  function  of  both  the  sliding  velocity  and  the  contacting 
materials  (41. 

The  current  density  and  velocity  associated  with  the  homopolar  pulse  generator  and 
electromagnetic  launcher  applications  are  mapped  in  Figure  1.  Their  schematic  operational 
arrangements  are  shown  in  Figure  2. 

It  is  well  established  that  a  number  of  composite  materials  systems  exhibit  the 
characteristics  necessaiy  for  high  performance  sliding  electneal  contacts.  When  based  on 
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powder  constituents,  suclr  composites  provide  some  of  the  necessary  product  properties  by 
selection  and  assembly  of  material  at  the  microscopic  level.  The  relationship  between  the 
tribological  behavior  of  such  contacts  and  their  basic  materials  science  is  the  subject  of  a 
large  body  of  studies  (5-15).  A  key  issue  is  the  value  of  the  maximum  temperature  that  can 
be  sustained  by  the  contact  at  the  sliding  interface,  while  maintaining  the  efficient  energy 
transfer  associated  with  solid-to-solid  contact  In  these  applications,  the  complex 
electrotribological  environments  encountered  provide  multiple  interface  heating  sources,  as 
indicated  in  figure  2  (a)  for  a  homopolar  generator  brush.  Achieving  the  necessary 
performance  demands  novel  approaches  to  the  design,  processing,  characterization  and 
laboratory  testing  of  suitable  materials. 


Approach 

A  qualitative  summary  of  the  approach  that  we  describe  here  includes  the  following  steps: 

-  Design  a  material  that  can  sustain  maximum  temperature  at  the  sliding  interface; 

-  Incorporate  constituents  that  can  provide  the  necessary  physical  properties:  electrical 
conductivity,  thermal  conductivity,  hardness,  lubricity, etc.; 

~  Satisfy  the  technological  demands  of  processability  in  the  appropriate  size  and  shape  and 
at  minimum  cost 

The  design  of  the  new  contact  materials  begins  with  the  question:  how  do  these 
materials  normally  fail?  The  simple  answer  is  that  they  fail  because  the  temperature  at  the 
sliding  interface  is  loo  high.  The  high  temperature  is  caused  by  localized  dissipation  of 
electrical  and  mechanical  energy  at  the  interface.  The  underlying  tlieoretical  limits  ha'.’e 
been  described  by  Kuhlmann-Wilsdorf  (16).  How  best  to  handle  the  high  interface 
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temperature?  Three  possibilities  are;  eliminate  the  source;  actively  cool  the  contact;  design  a 
material  that  can  survive  the  elevated  temperature.  The  thrust  of  this  work  is  to  design 
materials  that  can  survive  the  elevated  temperatures  developed  in  electrotribological  duty. 


Experimental  Procedure 


I.  Materials  Systems 

A  summary  of  the  materials  systems  discussed  in  this  paper  is  given  in  Table  1. 


Table 


Materials  systems  being  investigated  for  high-performance  electrotribological  applicatioas. 


Contact  Type/  Development  Performance/Characteristics 

Constituents  Status 


Composite  Brushes 

Cu-Gr-Sn-Pb 

Commercial 

l::aterial 

Used  in  present  generation 
of  pulse  homopolar  machines. 
Fails  at  220  m/s  due  to 
catastrophic  wear. 

Binderless  Cu-Gr 

Experimental 

Material 

Proposed  for  use  in  future 
pulse  homopolar  machines . 
Hardness  and  conductivity 
exceed  that  of  commercial 
material. 

Composite  Armatures 

W-  Cu(90/10) 

Experimental 

Material 

Hardness  and  conductivity 
exceed  that  of  the  90W- 
lOCu  commercially 
available  material. 

vj-v;c-c-cu 

Experimental 

Material 

Nanosized  constituents 
increase  population  of 
potential  contact  spots. 

I  -1  the  solid  armatures,  the  fabrication  of  a  powder-based  aluminum-alumina  composite 


and  a  laminar  copper-tungsten  composite  were  described  previously  (17).  The  laminar 
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copper-tungsten  composite  was  constructed  from  copper  foils  and  tungsten  mesh.  These 
materials  were  stacked  such  that  tlie  controlled  variation  in  spacing  between  the  exposed 
tungsten  fibers  in  the  consolidated  composite  would  yield  a  graded  electrical  resistivity. 

II.  The  Consolidation  Process 

Two  of  the  experimental  materials  are  listed  in  Table  1  (the  binderless  copper-graphite 
for  composite  brushes  and  the  tungsten-copper  for  solid  armatures)  were  consolidated  from 
powders  using  a  single-residence  materials  processing  technique  developed  in  our 
laboratories  (18).  This  high-energy  high-rate  processing  technique  has  been  successfully 
applied  to  a  wide  variety  of  single  phase  and  composite  materials  (19-25).  A  10  MJ 
homopolar  generator  (HPG)  dedicated  to  industrial  applications  was  the  pulsed  power 
source  used  in  conjunction  with  a  modified  100  ton  vertical  axis  hydraulic  press. 

The  dies  and  starting  materials  were  initially  at  ambient  temperature.  ConsoUdation 
was  performed  in  laboratory  air  at  pressures  of  300  to  400  MPa.  After  compacting  the 
precursors  to  a  desired  pressure,  a  large  current  pulse  was  used  to  heat  and  consolidate  the 
composite  material.  Following  the  discharge,  the  pressure  was  maintained  for  a  brief 
holding  period,  thus  permitting  conductive  heat  transfer  through  the  plungers  to  massive 
copper  platens.  The  die  was  then  unloaded  and  the  consolidated  compact  was  ejected. 

The  voltage  drop  across  the  compact  and  the  ma^itude  of  the  current  were  recorded 
during  the  pulse.  The  product  of  these  values  was  used  to  obtain  the  power  curve  during 
the  pulse.  The  power  curve  was  numerically  integrated  to  produce  the  total  energy  input  to 
the  specimen.  Division  of  the  total  energy  input  by  the  mass  consolidated  yields  the 
specific  energy  input  (SEI)  in  units  of  J/g.  The  SEI  approximates  the  enthalpic  heat  input 
and  provides  data  for  finding  an  upper  bound  estimate  of  the  bulk  temperature  reached 
during  processing. 
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III.  Evaluation 


A.  Properties  and  Microstructure 

Density,  hardness,  and  electrical  resistivity  measurements  were  used  in  the 
preliminary  evaluation  of  these  composites.  Selected  consolidated  composite  materials  were 
sectioned  in  the  radial  direction,  metallographically  prepared,  and  then  examined  by 
scanning  electron  microscopy.  Image  analysis  techniques  by  gray  scale  differentiation  of 
the  electron  image  were  used  to  quantify  the  area  fraction  of  graphite  in  the  copper  graphite 
brushes. 

B.  Tribological  Evaluation 

Low  Speed  Testing .  The  low  speed  tests  were  conducted  in  air  on  a  pin-on-disk  machine. 
Friction  force  and  pin  wear  were  monitored  by  a  strain  ring  and  a  linear-displacement  transducer 
respectively.  An  Apple  n  computer  stored  and  plotted  the  data.  The  pin  wear  rate  and  friction 
coefficient  were  calculated  from  the  plots.  The  applied  load  range  was  2  to  20N,  and  the  sliding 
velocity  range  was  220  to  670  mm/s. 

High  Speed  Testing.  Figure  3  shows  the  sliding  electrical  contact  tester  (SECT).  This  is  a 
device  which  allows  rapid  evaluation  of  materials  and  cooling  methods  with  respect  to  interface 
power  dissipation  and  wear  rate.  Continuous  testing  at  speeds  of  up  to  180  m/s  at  6000  A  is  possible. 
Electromagnetic  displacement  probes  monitor  brush  wear,  and  a  video  thermal  imaging  system 
provides  a  time-temperature  history  of  the  slider,  sliding  interface,  and  rotor.  The  tests  were 
performed  dry  in  air.  No  active  cooling  was  used.  Constant  down  force  of  lOON  was  maintained 
during  the  temperature  excursion  tests.  The  specimen  surfaces  were  prepared  by  polishing  with  a 
final  polish  using  600  grit  silicon  carbide  paper.  Prior  to  tlte  test  the  contact  and  rotor  surfaces  were 
cleaned  with  high-purity  ethyl  alcohol. 


Results  and  Discussion 


I.  Composite  Brushes 

A.  Processing 

The  commercial  composite  is  made  by  a  proprietary  method  using  conventional 
powder  metallurgy  techniques.  No  details  of  the  processing  are  available.  The  binderless 
copper-graphite  is  produced  by  the  high-energy  high-rate  technique  (23-25).  The  degree  of 
homogeneity  of  the  distribution  of  the  graphite  in  the  copper  matrix  depends  upon  the 
mechanical  mixing  that  is  achieved  prior  to  loading  of  the  powder  mixture  into  the  die.  The 
degree  of  mixing  depends  upon  the  relative  densities  and  flow  characteristics  of  the  loose 
starting  powders. 

Since  the  single-residence  processing  occurs  in  the  solid-state,  the  pressure  and 
temperature  conditions  within  the  die  during  the  {n-ocessing  control  the  degree  of 
densification.  The  copper  matrix  is  powder-forged  to  high  detjsities,  while  the  graphite 
undergoes  intrtqjarticie  shear  to  accomodate  the  plastic  flow  of  the  matrix.  Heating  rates  of 
100  K/s  to  500  K/s  are  used  to  rapidly  bring  the  copper  matrix  to  the  warm  processing 
range  (0.4  to  0.6  Tm,  where  Tm  is  the  melting  temperature  of  copper  =  1356K).  While  at 
temperature  the  composite  densifies  under  an  applied  stress  that  is  in  excess  of  the  flow 
stress  within  the  powder  volume. 

B .  Microstructure  and  Properties 

The  microstructures  developed  in  these  two  material  systems  reveal  the  differences  in 
their  processng.  Figitrc  4  shows  the  Cu-Gr-Sn-Pb  material.  The  composition  (in  mass 
percent)  of  COM-A  is  82  Cu,  1 1  graj^ite,  5  Sn,  and  2  Pb.  The  tin  was  found  to  alloy 
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with  the  copper  to  form  bronze.  The  lead  formed  small  dispersoids  which  probably  act  as  a 
low-temperature  solid  lubricant.  There  is  virtually  no  interfacial  strength  between  the 
matrix  and  graphite,  resulting  in  very  low  hardness  and  low  toughness.  The  bronze  matrix 
helps  increase  the  hardness  somewhat,  but  it  also  decreases  the  conductivity. 

Figure  5  shows  the  microstructure  of  the  binderless  copper-graphite  composite 
consolidated  by  high-energy  high-rate  processing.  Low  magnification  shows  that  the 
graphite  is  fairly  well  distributed,  but  a  strong  orientation  has  developed.  Higher 
magnification  shows  the  tight  microencapsulation  of  the  graphite  in  the  copper  matrix. 

The  measured  values  of  density,  hardness  and  electrical  resistivity  of  the  composite 
materials  for  brushes  are  listed  in  Table  2. 


Table  2.  Properties  of  composite  materials  for  brushes. 


' 

Cu-Gr-Sn-Pb 

Binderless  Cu-Gr 

Density  (g/cm^) 

5.5 

6.30-6.68 

(percent  theoretical) 

82.2 

94.1-99.8 

Average  Hardness  * 

45 

62  (Axial) 

(Rockwell  15T) 

50  (Radial) 

Electrical  Resistivity 

37 

3.82  (Axial) 

(U  ohm-cm  at  room  temp.) 

8.95  (Radial) 

On  this  scale  a  fully  dense  copper  powder  compact  has  an  average  hardness  of  70.7. 
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II.  Composite  Armatures 


A.  Processing 

Copper-Tungsten.  Copper-tungsten  composites  exploit  the  high  temperature  hardness 
and  refractory  nature  of  tungsten  in  combination  with  the  ductility  and  electrical 
conductivity  of  copper  and  have  been  studied  for  hypervelocity  contact  applications  such  as 
the  solid  armature  described  earlier.  In  this  research,  four  P/M  processing  approaches  for 
these  composites  have  been  pursued:  Cu  infiltration  of  porous  W;  W  +  Cu  blended 
elemental  composites;  Cu-W  from  H-reduccd  coj^  tungstate;  and  Cu-coated  W 
powders,  each  processed  by  high  energy  high  rate  consolidation. 

W-WC-C  Nanosized  Structures.  Nanosized  structures  based  on  tungsten/tungsten 
carbide/graphite/copper  systems  are  being  developed  to  meet  high-performance  electrical 
sliding  contact  needs .  These  structures  provide  the  needed  abundance  of  current¬ 
collecting,  refractory  contact  spots  at  the  sliding  interface.  Sol-gel  synthesis,  large-strain 
deformation  processing  and  high-energy  high-rate  powder  consolidation  are  the  main  steps 
in  the  preparation  of  these  novel  microstructures. 

The  electrotribological  potential  is  optimized  by  embedding  a  hard,  wear-resistant 
tungsten  or  tungsten  carbide  layer  into  an  electrically  and  thermally  conductive  copper 
substrate,  while  retaining  a  graphite  surface  layer  to  act  as  a  boundary  lubricant. 

Tungsten  oxide  gel  precursors  allow  the  development  of  a  nanosized  grain  stmcture 
(>»1(X)  nm)  in  metallic  tungsten  (21).  This  creates  a  large  amount  of  a-spots  to  act  as 
conduction  points  on  the  sliding  contact  interface.  The  production  of  the  tungsten  oxide 
aerogel  is  preceded  by  the  production  of  a  hydrated  tungstic  oxide  gel.  This  occurs  by  the 
following  sequence: 

1 .  Dissolution  of  sodium  tungstate  in  dilute  HCl: 

Na2W04  +  2HCl  =  WO3  •  H2O  +  2NaCl; 

2.  Hydrated  tungstic  oxide  precipitates  as  an  aquagel; 
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3.  Alcohol  substituted  for  water  to  form  alcogel; 

4.  Alcohol  removed  using  critical  point  drying  to  form  aerogel. 

This  tungsten  trioxide  aerogel  has  the  potential  of  undergoing  reduction  and 
carbothermic  reactions  to  form  metallic  tungsten  and  tungsten  carbide.  A  thin  layer  of  such 
a  material  embedded  on  a  conductive  (copper)  substrate  would  form  an  ideal  sliding 
contact.  Therefore  the  tungsten  trioxide  gel  is  mixed  with  colloidal  graphite  to  form  a  4:1 
carbon-tungsten  ratio.  This  mixture  is  coated  onto  the  inside  of  a  clean  copper  tube.  The 
tube  is  next  rolled  flat  to  form  a  sandwich  structure  with  the  carbon-tungstic  oxide  mixture 
coated  inside  the  flattened  copper  tube.  The  longitudinal  tube  edges  are  slit  and  the 
sandwich  is  hydrogen  annealed  at  800°C  for  1  hour  to  convert  the  tungstic  oxide  to 
tungsten.  The  copper/tungsten  sandwich  is  then  placed  between  two  electrodes  connected 
to  a  HPG.  Pressure  is  applied  and  a  peak  current  flux  of  50  kA/cm^  is  passed  through  the 
sandwich.  This  embeds  the  tungsten/graphite  layer  into  the  copper. 

B .  Microstructure  and  Properties 

Copper-Tungsten.  Results  indicate  that  the  density,  hardness  and  electrical  conductivity 
of  the  Cu-coated  W  consolidates  are  higher  than  those  produced  by  the  other  three 
approaches.  The  density  and  hardness  values  are  higher  than  those  for  commercial  material 
produced  by  conventional  sintering  (1700K/ 1  hour  in  hydrogen).  The  values  are  given  in 
Tables. 

A  typical  microstructure  developed  in  the  consolidated  material  is  shown  in  Figure  6.  The 
lighter  phase  is  tungsten  which  has  a  wide  particle  size  distribution  allowing  for  efficient 
filling  of  space.  The  copper,  though  the  minority  phase,  is  the  continuous  phase  and  is 
responsible  for  the  high  level  of  plastic-flow  induced  densification. 
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Table  3.  Properties  of  90:10  W:Cu  composite  material 


This  Process 

Commercial  Material 

Density 

14.8  g/cm3 

14.0  g/cm3 

Hardness  (HRB) 

81 

70 

Electrical  Resistivity 

11.2  (iQ-cm 

n.a. 

III.  Electrotribological  Performance 

An  effort  to  optimize  contact  performance  requires  an  understanding  of  the  peninent 
materials  science  concepts,  particularly  as  they  apply  to  the  control  of  processing.  The 
powder  metallurgy  based  composite  materials  that  are  described  in  this  study  have  been 
prepared  by  novel  processing  routes.  Electrotribological  behavior  of  three  different  systems 
are  described:  (1)  Copper  and  Graphite  (2)  Copper  and  Tungsten  (3)  W/WC/C  and  Cu 
layered  composites. 

Composite  Brushes 

In  the  past,  unidirectional  graphite  fibers/copper  matrix  composites  have  been 
extensively  studied  for  use  as  electrical  brushes.  Although  their  behavior  in  the  absence  of 
current  proved  to  be  satisfactory,  t..e  passage  of  high  currents  increased  the  friction 
coefficient  and  the  wear  rate  to  unacceptable  values;  apparently,  the  lubricating  properties  of 
the  graphite  fibers  are  inferior  to  those  of  bulk  graphite.  One  possible  reason  for  that  may 
be  the  desorption  of  water  vapor  from  the  graphite  fibers  at  high  interface  temperatures  (26). 
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Preliminary  results  of  the  tribological  characterization  of  the  binderiess  copper  and 
graphite  powder-based  composites  were  previously  published  by  Owen  et  al  (23),  Wang  et 
al  (24),  and  by  Eliezer  et  al  (25).  The  low  speed  pin  on  disk  tests  (0.6  m/s)  of  the  copper 
and  graphite  on  4340  steel  showed  friction  coefficients  in  the  range  0.133  to  0.207  versus 
an  average  value  of  0.120  for  the  commercial  Cu-Gr-Sn-Pb  composite. 

At  high  speeds  the  wear  of  the  binderless  composite  is  significantly  lower  than  the 
commercial  material.  At  200  m/s  values  of  0.2-0.3  x  10^  mm^/Mm  versus  2  x  10^ 
mm^/Mm,  are  obtained  over  6  km  sliding  distances. 

Everett  (27)  reported  on  the  pulse  duty  (<3  seconds)  performance  of  these  binderless 
copper-graphite  contact  materials.  An  improvement  in  contact  resistance  was  observed 
compared  to  commercial  composite  material  (COM- A)  at  velocities  of  20m/s  to  90m/s. 
Current  density  comparisons  at  lOOm/s  and  160m/s  showed  the  binderless  material  to  have 
twice  the  current  carrying  ability  of  the  commercial  composite.  When  pulse  loaded  at 
3kA/cm2  at  160m/s,  a  nearly  linear  temperature  rise  of  lOOK/s  was  observed  to  a  peak 
temperature  of 420K. 

From  the  results  of  the  electrotribological  testing  described,  several  wear  mechanisms 
are  known  to  be  active  depending  upon  the  nature  of  the  reinforcing  phase.  One  example  is 
the  apparent  re-transfer  of  fine  particles  of  graphite  to  the  copper  matrix,  first  transferred  as 
a  thin  film  from  the  brush  to  the  rotor.  The  post-test  wear  surface  exhibiting  this  effect  is 
shown  in  Figure  7. 

Composite  Armatures 

A  graded  resistance  armature  concept  is  based  upon  the  two-dimensional  model  for 
current  density  distribution  within  a  traveling  solid  armature  developed  by  Long(28).  It 
attempts  to  compensate  for  tlie  obsei-ved  tendency  of  the  current  to  concentrate  close  to  the 
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trailing  edge  of  the  armature  by  making  that  edge  the  most  resistive  part  of  the  armature, 
thus  forcing  a  more  uniform  distribution  of  the  current 

The  proposed  design  concepts  have  as  a  common  objective  the  maintenance  of  ■ 
armature/rail  contact  However,  controlling  energy  dissipation  at  the  sliding  interface  poses 
another  significant  challenge  as  guns  get  longer  and  are  driven  harder.  Performance  suffers 
as  solid  armatures  tend  to  be  converted  to  hybrid  (plasma/solid)  armatures  in  bore  during 
firing. 

Figure  8  shows  a  SEM  photomicrograph  of  the  surface  of  the  composite  armature 
material  after  a  high  speed  wear  test  on  the  sliding  electrical  contact  tester.  Diagonal  wear 
tracks  are  evident  Plastic  flow  of  the  copper  has  produced  wear  tracks  with  a  regu’ar 
spacing  of  approximately  100  |im.  This  dimension  corresponds  to  the  machining  marks  on 
the  rotor  surface,  and  suggests  that  there  may  be  geometry  induced  current  concentration 
effects  during  sliding  which  led  to  localized  heating  of  the  contact.  The  peak  temperature 
observed  thermographically  during  the  test  was  56(PC.  (Test  was  conducted  in  air, 
uncooled,  with  1(X)N  downforcc.  It  was  run  for  60s  at  100  m/s  with  zero  cuirent,  then  for 
30s  at  100  m/s  with  IkA/cm^.  Nominal  contact  area  was  20mm  x  12.5  mm  on  turned 
4340  steel  rotor  surface.) 

Figures  9a,  9b,  9c  show  SEM  photomicrographs  of  the  wear  surface  of  100  pm  thick 

r 

W-WC-C  layer  on  a  copper  substrate  after  a  high  speed  wear  test  on  the  sliding  electrical 
contact  tester.  At  low  magnification,  the  profile  of  the  rotor  surface  appears  to  be  replicated 
on  the  contact  surface  with  a  series  of  evenly  spaced  troughs  running  horizontally.  At 
higher  magnification,  a  loose  wear  particle  with  approximately  20  pm  dimensions  is  visible 
at  the  bottom  of  the  photo.  A  high  magnification  view  of  the  bottom  of  a  wear  trough 
shows  loose  particles  with  1-2  pm  dimensions  distributed  on  the  substrate  which  has 
retained  the  original  nanosized  structural  features. 
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rv.  Combined  Consolidation  and  Bonding 


Due  to  the  localized  pulse  resistive  heating  that  develops  at  the  inteiface  between  the 
•letallic  electrode  and  the  consolidated  material,  this  processing  technique  also  allows  an 
examination  of  the  producibility  of  metal-ceramic  joints.  The  sensitivity  of  contact 
materials  such  as  copper  to  the  presence  of  impurity  elements  is  revealed  in  the  large 
increments  in  electrical  resistivity  versus  composition.  For  example,  phosphoras  in  copper 
produces  a  two  fold  increase  in  resistivity  at  the  0.1  percent  level.  Phosphoms  is  a 
common  constituent  in  brazing  alloys  for  copper .  TTius,  it  is  advantageous  to  eliminate 
braze  fillers  in  the  attachment  of  contacts  to  copper  straps.  This  is  the  motivation  for  the 
study  of  bonding  of  these  materials  to  metallic  copper  using  subsecond  high  temperature 
ex|X)sures  in  the  high  energy-high  rate  processing. 

The  tight  interfacial  bonds  observed  between  the  Cu  electrode  and  the  compact. 
Figure.  10,  suggests  that  such  a  joint  would  efficiently  transfer  heat  and  current.  In  this 
example,  layer  3  is  a  binderless  copper-graphite  composite  layer  which  transfers  energy  to 
a  wrought  copper  disk  via  a  copper  powder  composite  layer.  Tp  actice  the  wrought 
material  can  be  the  brush  strap  and  the  copper  powder  then  serves  as  an  efficient  conductive 
interlayer  between  the  sliding  interface  and  strap.  This  reduces  the  losses  due  to  icsistive 
heating  of  the  brush,  and  eliminates  the  brazed  joint  between  brush  and  strap,  thus  reducing 
a  source  of  heating  of  the  strap  and  allowing  more  efficient  energy  transfer  across  the 
brush/strap  interface. 

A  final  example  of  how  the  contact  materials  being  developed  might  be  incorporated  into 
an  actual  device  is  shown  in  Figure  1 1.  This  is  a  schematic  view  of  a  partially  hollowed-out 
cylindrical  composite  solid  armature.  This  arrangement  has  been  proposed  for  a  90  mm 
diameter  solid  armature  ( 1 7).  It  consists  of  a  thin  outer  layer  of  a  W-WC-C  nanosized 
composite  embedded  into  a  tubular  section  made  of  dispersion-hardened  copper  which  is 
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fitted  over  a  high-strength,  high-conductivity  aluminum  core.  This  arrangement  provides 
for  a  light-weight  armature  with  a  refractory  skin.  The  tribological  behavior  of  the 
outerlayer  material  is  being  investigated  currently,  as  indicated  in  Fig.  9  (29). 

For  each  of  these  systems,  the  key  feature  revealed  in  the  testing  is  the  high 
temperatures  that  are  developed  at  the  sliding  interface.  A  more  complete  understanding  of 
the  electrotribological  behavior  under  these  conditions  requires  a  detailed  knowledge  of  the 
microstructure/property  relationships  for  each  of  the  materials  systems  at  elevated 
temperature.  This  is  an  involved  but  essential  task  in  the  continued  development  of  these 
advanced  composite  contact  materials. 


Conclusion 


Findings  are  as  follows: 

1.  A  variety  of  sliding  electrical  contact  powder  composite  materials  can  be  successfully 
processed  by  high-energy  high-rate  processing  utilizing  high-current  discharges  from  a 
homopolar  pulse  generator.  The  copper-graphite,  tungsten-copper,  and  tungsten-tungsten 
carbide-carbon-copper  composite  systems  have  been  described. 

2.  Microstructures  of  the  copper-graphite  .and  tungsten-copper  composites  show  continuous 
copper  matrices,  and  well-dispersed  graphite,  and  tungsten,  respectively. 

3.  Properties  of  the  copper-graphite  and  tungsten-copper  composites  such  as  density, 
hardness,  and  electrical  conductivit>'  are  superior  to  those  of  commercial  composites  made 
by  conventional  processing  methods.  This  has  been  confirmed  by  our  own  comparative 
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studies  of  alternative  processing  metliods  such  as  roll-compaction  followed  by  vacuum 
sintering. 

4.  Performance  evaluations  of  each  of  these  composites  at  high  sliding  velocities  show 
improvements  in  wear  behavior  and  the  ability  to  sustain  higher  temperatures  at  the  sliding 
interface  than  comparable  conventionally-processed  material.  The  superior  electrical  (and 
thermal)  conductivity  of  these  materials  may  contribute  to  such  performance. 

5.  The  more  complex  tailored  structure  in  the  tungsten-tungsten  carbide-carbon-copper 
composite  system  is  a  novel  response  to  the  materials  needs  in  hypervelocity  sliding 
contacts.  It  matches  materials  to  the  thermal  gradients  observed  in  the  analysis  of  such 
armatures:  tungsten  skeleton  at  the  hot  rail/armature  interface,  embedded  in  copper  via 
which  energy  is  transferred  through  a  relatively  cool  aluminum  core  to  the  opposite  hot 
interface.  Such  a  construction  also  reduces  the  density  penalty  of  using  tungsten,  the 
overall  density  being  less  than  twenty  percent  greater  than  an  all  aluminum  armature  (3.2 
gm/cm^  vs  2.7  gm/cm^). 

6.  Combined  consolidation  and  bonding  methods  for  incorporating  these  powder-based 
composites  into  contact  components  have  been  developed. 
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Hyper- 

Velocity 


Dperating  regimes  for  high  velocity  and  hypervelocity  sliding  contacts  shown  on 
velocity/current  density  axes. 


HEAT  SOURCES  IN  A  HOMOPOLAR  BRUSH 


FRICTIONAL  LOSSES  -  Pf  =  jiNv  s  1.8  kW 
ELECTRICAL  LOSSES  -  Pe  =  VI  =  10  kW 


I  =  5  kA  V  s  2  V 

V  =  200  m/s*  RB  =  20 

M  =  0.2  RS  s  72  mQ 

N  =  45N 


Electromagnetic  Railgun 


Fig.  2.  Operating  environment  of  (a)  h:gh  velocity  slidin?  contacts  (brushes)  and  (b) 

hypervelocity  sliding  electrical  contacts  (armatures).  In  (a)  the  relative  magnitudes 
ot  some  of  the  heating  sources  of  the  contact  are  estimated  using  a  typical  set  of 
parameters.  ^ 
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Fig.  3.  Photograph  of  the  sliding  electrical  contact  tester.  Inside  the  circular  shroud  is  the 
rotor  mounted  on  a  horizontal  shaft.  The  L-shaped  frame  provides  a  stiff  support 
for  the  top-mounted  test  brush  and  the  side-mounted  return  brush.  Both  brushes 
arc  actuated  with  pneumatic  cylinders.  The  top-mounted  test  brush  wear  (heel 
and  toe)  is  monitored  by  the  two  electromagnetic  transducers  located  on  either 
side  of  the  pneumatic  cylinder. 
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Fig.  3.  Photograph  of  the  sliding  electrical  contact  tester.  Inside  the  circular  shroud  is  the 
rotor  mounted  on  a  horizontal  shaft.  The  L-shaped  frame  provides  a  stiff  support 
for  the  top-mounted  test  brush  and  the  side-mounted  return  brush.  Both  brushes 
are  actuated  with  pneumatic  cylinders.  The  top-mounted  test  brush  wear  (heel 
and  toe)  is  monitored  by  the  two  electromagnetic  transducers  located  on  either 
side  of  the  pneumatic  cylinder. 
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Microstructure  of  the  commercial  Cu-Gr-Sn-Pb  composite. 

(a)  Low  magnification  overview  showing  rcciystallizcd  su'ucture  in  tlic  initially 
"dendritic"  copper  powder.  The  copper  matrix  (light  phase)  is  obser\-ed  to  be 
somewhat  discontinuous  in  this  2-dimensional  cross  section. 

(b)  High  magnification  view  showing  the  gaps  between  the  copper  matrix  and  the 
tr 


Fig.  5.  Microstructure  of  the  binderless  copper-graphite  composite  consolidated  by  high- 
energy  high-rate  processing. 

(a)  Low  magnification  overview  showing  that  the  graphite  is  fairly  well 
distributed  but  a  strong  orientation  has  developed. 

(b)  High  magnification  micrograph  showing  the  light  microencapsulation  of 
graphite  in  the  copper  matrix. 


196 


Fig.  6.  Microstructure  of  a  composite  solid  armature  contact  material  made  by 

consolidation  of  a  copper-coated  tungsten  powder  with  a  90:10  tungsten :  copper 
mass  ratio.  The  lighter  phase  is  tungsten  which  has  a  wide  particle  size 
distribution  allowing  for  efficient  filling  of  space.  The  copper,  though  the 
minority  phase,  is  the  continuous  phase  and  is  responsible  for  the  high  level  of 
plastic-flow  induced  densification. 
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Fig.  7.  SEM  photomicrograph  of  the  surface  of  the  binderless  copper-graphite  composite 
after  a  high  speed  wear  test  on  the  sliding  electrical  contact  tester.  A  graphite 
particle  in  the  edge-on  orientation  is  the  dark  lenticular  shape  located  par^lel  to  the 
wear  tracks.  Also  visible  are  thin  highly  deformed  laminar  regions  in  the  matrix 
and  the  decoration  of  the  matrix  surface  with  fine  dark  dots  of  graphite.  (Test 
conducted  in  air,  uncooled,  with  lOON  downforce.  Run  for  60s  at  100  m/s  with 
zero  current,  then  for  30s  at  100  m/s  with  1  kA/cm^.  Contact  area  20  mm  x  12.5 
mm  on  tum^  4340  steel  rotor  surface.) 
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Fig.  8.  SEM  photomicrograph  of  the  surface  of  the  composite  armature  material  after  a 
high  speed  wear  test  on  the  sliding  electrical  contact  tester.  Diagonal  wear  tracks 
are  evident.  Plastic  flow  of  the  copper  has  produced  wear  tracks  with  a  regular 
spacing  of  approximately  100  pm.  This  dimension  corresponds  to  the  machining 
marks  on  the  rotor  surface,  and  suggests  that  there  may  be  geometry  induced 
current  concentration  effects  during  sliding  which  led  to  localized  heating  of  the 
contact.  The  peak  temperature  observed  thermographicaily  during  the  test  was 
560OC.  (Test  conducted  in  air,  uncooled,  with  lOON  downforce.  Run  for  60s  at 
100  m/s  with  zero  current,  then  for  30s  at  100  m/s  with  1  kA/cm^.  Contact  area 
20  mm  X  12.5  mm  on  turned  4340  steel  rotor  surface.) 


199 


original  nanosized  struciiira!  features. 


Fig.  10.  Schematic  and  SEM  photomicrographs  of  a  method  for  and  results  of  combined 
consolidation  and  bonding.  Layer  3  is  a  binderless  copper-graphite  composite 
layer  which  transfers  energy  to  a  wrought  copper  disk  via  a  copper  powder 
composite  layer.  In  practice  the  wrought  material  can  be  the  brush  strap  and  the 
copper  powder  an  efficient  conductive  interlayer  between  the  sliding  interface  and 
strap.  This  reduces  the  losses  due  to  resistive  heating  of  the  brush,  and  eliminates 
tlie  brazed  joint  between  brush  and  strap,  thus  reducing  a  source  of  heating  of  the 
strap  and  allowing  more  efficient  transfer  of  heat  and  current  across  the 
brush/strap  interface. 


Fig.  1 1.  Schematic  and  cross  sectional  views  of  a  hollowcd-out  cylindrical  composite  solid 
armature.  This  arrangement  has  been  proposed  for  a  90  mm  diameter  solid 
armature.  It  consists  of  a  thin  outer  layer  of  a  W-WC-C  nanosized  composite 
embedded  into  a  tubular  section  made  of  dispersion-hardened  copper  which  is 
fitted  over  a  high-strength,  high-conductivity  aluminum  core.  This  arrangement 
provides  for  a  light-weight  armature  with  a  refractory  skin.  The  outerlayer 
material  behavior  is  being  investigated  as  indicated  in  Fig.  9. 
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Consolidation  of  Metailic  Glass  Ribbons 
Using  Electric  Discharge  Welding 

Y.W.  KIM,  D.L.  BOURELL,  and  C.  PERSAD 

The  purpose  of  this  communication  is  to  describe  results 
of  electrical  discharge  microwelding  of  metallic  glass  rib¬ 
bon.  The  motivation  for  this  undertaking  was  to  study  the 
feasibility  of  the  technique  in  producing  bulk  geometries 
by  joining  thin  ribbon  metallic  glass.  Previous  attempts 
reported  in  the  literature  include  shock  explosive  compac- 
tion,*‘’  warm  pressing, and  laser  welding.'^’  Characteris¬ 
tics  associated  with  these  lamination  techniques  are  extensive 
crystallization,  cracking,  and  interlayer  oxidation. 

A  high  voltage  5i0  /uf  capacitor  discharge  device  was 
adapted  to  consolidate  multiple  layers  of  metallic  glass  rib¬ 
bon.  The  potential  of  the  capacitor  bank  was  varied  between 
2.25  kV  and  10  kV,  corresponding  to  stored  energies  of 
1.3  kJ  to  25.5  kJ,  respectively.*  Two  alloy  foils  were  con- 

*  For  capacitance  devices,  E  =  'A  CV',  where  E  is  the  stored  energy, 
C  the  capacitance,  and  V  the  charge  voltage. 

solidated:  iron-based  METGLAS®  2605S-2  (Fe7gSi9B,3)  and 
cobalt-based  METGLAS*  2705M  (Co5aFe4Ni,  jMo,  jBijSi,,). 
Both  were  supplied  by  Allied  Corporation  in  the  form  of 
20  jam  thick  melt-spun  ribbon.  Four  pieces  of  material 
25  mm  x  25  mm  were  stacked  and  pressed  between  elec¬ 
trodes  to  low  (80  MPa)  or  high  (200  MPa)  pressure.  The 
stack  was  assembled  such  that  the  longitudinal  axes  of  the 
ribbon  elements  were  each  offset  by  a  90  deg  rotation  rela- 
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five  to  the  elemeiN  previously  laid.  The  capacitor  bank  was 
then  discharged  across  the  laminate.  No  cracks  were  ob¬ 
served  in  the  joined  ribbon.  The  melt-spun  ribbons  exhibit 
the  usual  surface  characteristics  of  one  dull,  wheel-side 
face  and  one  shiny,  air-side  face.  The  welding  response  of 
the  assemblage  was  not  a  function  of  the  various  contact 
combinations:  air/air.  air/ wheel,  wheel/wheel. 

Qualitative  mechanical  testing  was  performed  analogous 
to  Mode  I  and  Mode  II  crack  opening  displacements 
(Figure  I).  In  all  cases,  the  interface  between  layers  was 
stronger  than  individual  ribbons,  indicated  by  fracture  crack 
propagation  away  from  the  interlayer  interface. 

By  careful  peeling,  it  was  possible  to  expose  small  areas 
of  the  interlayer  interface,  although  extensive  tearing  of  in¬ 
dividual  ribbons  occurred.  Analysis  using  SEM  illustrated 
the  nature  of  the  interlayer  bonding.  The  main  features  are 
shown  in  Figure  2.  Two  layers  of  ribbon  are  shown  at  in¬ 
creasing  magnification.  Ribbon  bonding  is  accomplished 
by  widely  spaced  microspot  welding,  presumably  between 
asperities  of  adjacent  foils.  Ligament  features  bridging 
the  ribbon  elements  are  apparent  in  Figure  2(b)  A  com¬ 
mon  characteristic  of  these  ligaments  was  a  weld  splat  or 
flash  which  outlined  the  periphery  of  most  ligaments  where 
they  joined  the  ribbons  (arrows  in  Figures  2(b)  and  2(c)). 


(c) 
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Fig  I  —  Two  mechanical  leM  ccomeines  used  lo  assess  ihe  interface 
strength  of  the  capacitor  dl^charge  welded  four-foil  assemblages  In  all 
cases,  the  fracture  path  cut  across  individual  ribbons  rather  than  following 
the  weld  interface 


Fig.  2  —  Progressive  magnification  SF.M  micrographs  showing  the  following  leaiurcs  ol  ijpaciior  disihaige  welded  cobalt  based  alios  d't'.SM  poKCssed  at 
2  2.S  kV  (u)  two  ribbons  and  associated  niicrowclds,  ih)  concasc  weld  ligaincms  .ind  "tlash"  tanowsi  ii  i  a  weld  tracture  close-up  showing  flash' 
(arrows),  and  (rfl  a  microweld  interface  showing  a  nscrlike  fracture  appearance  rspical  for  amorphous  metals 
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It  is  believed  that  the  concave  shape  of  these  ligaments 
is  due  not  only  to  surface  energy  effects  but  also  due  to  a 
magnetic  compression  “pinch  effect"  during  processing.'" '' 
Figure  2(d)  shows  the  river  pattern  on  a  microweld  ductile 
fracture  typical  of  amorphous  metallic  materials."*''' 

The  effect  of  processing  voltage  and  pressure  on  weld 
size  and  spacing  was  studied.  Figure  3  shows  a  carefully 
separated  iron  alloy  interface  after  a  voltage^pressure  con¬ 
solidation  of  4  kV/80  MPa.  Weld  ligament  diameter  is 
estimated  to  be  3  nm  (Figure  3(a))  and  the  spacing  be¬ 
tween  welds  IS  approximately  150  ^m  (Figure  3(b)).  Sepa¬ 
ration  of  ribbons  entailed  fracture  of  the  weld  ligaments 
and  occasional  pull-out  of  parent  metal  (upper  right  weld 
in  Figure  3(b)). 

Increasing  voltage  to  8  kV/80  MPa  produced  the  interface 
shown  in  Figure  4.  The  spacing  between  welds  remains  ap¬ 
proximately  150  /am.  Fracture  is  accomplished  by  pull-out 


exclusively,  which  complicated  measurement  of  the  weld 
diameter.  A  weld  diameter  of  15  to  20  /am  is  estimated.  In¬ 
creasing  the  pressure  from  80  MPa  to  200  MPa  has  no  ef¬ 
fect  on  weld  size,  spacing,  or  fracture  mode,  as  shown  in 
Figure  5  for  the  iron  alloy  joined  at  8  '. 

Figure  6  shows  the  interface  of  the  iron  alloy  processed  at 
10  kV  and  200  MPa.  As  for  all  previous  weldments,  the 
spacing  remains  at  100  to  200  /am.  However,  at  this  high  in¬ 
put  energy  the  weld  zone  now  traverses  more  than  two  rib¬ 
bons.  Figure  6(a)  illustrates  an  extreme  case  where  careful 
.separation  left  sections  from  all  four  ribbons  at  a  weld  spot. 
These  sections  span  between  40  and  100  /am  in  diameter. 

For  both  cobalt  and  iron  based  metallic  glass,  the  weld 
ligament  size  increased  with  increasing  capacitor  discharge 
voltage  and  was  not  dependent  on  applied  pressure  during 
consolidation.  The  spacing  between  ligaments  was  approxi¬ 
mately  150  /am  for  both  alloy  systems  regardless  of  changes 


1.^ 


(a) 
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Fig.  3 — (a)  High  «nd  (b)  low  magnification  SEM  micrographs  of  iron  based  alloy  26055  processed  al  4  kV  and  80  MPa.  Shown  is  the  interface  region 
after  foil  separation.  Microwelds  are  pre.sent,  of  3  mm  diameter  and  150  mm  spacing 


Fig.  4 — (a)  High  and  (b)  low  magmlicaiion  SEM  micrographs  ot  iron  based  alios  2605S  processed  al  8  kV  and  80  MPa  Foil  cracking  oscuned  durin 
separation  of  foils  to  expose  the  interface  region 
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(a)  (b) 

Fi(.  5— (a)  High  and  (h)  low  magnification  SEM  micrognphs  of  iron  based  alloy  260SS  processed  at  8  kV  and  200  MPa.  Foil  material  pull-out  is  evident. 
The  effect  of  piessuie  is  negligible.-  cf.  80  MPa.  Fig.  4. 


Fig.  6— (d)  High  and  (h)  low  magnification  SEM  micrographs  of  iron  based  alloy  2605S  processed  at  10  kV  and  200  MPa.  Shown  is  the  interface  region 
after  foil  separation.  Foil  cracking  occurred  during  separation.  Sections  from  all  four  foil  layers  are  present  in  (a),  supported  by  the  schematic  inset. 


in  the  processing  parameters.  Weld  ligament  diameter  of 
the  Co  alloy  was  much  greater  than  that  for  the  Fe  alloy  for 
identical  processing  conditions.  Raybould  and  Diebold''*' 
have  shown  that  METGLAS  2605S-2  can  be  consolidated 
by  application  of  pressure  and  temperature.  They  observed 
similar  asperity  bonding,  and  determined  via  Auger  spectros¬ 
copy  that  the  bonds  consisted  of  SiOj  "glue”.  This  differs 
from  the  ligament  microwelds  observed  in  the  present  study. 
Auger  depth  profiling  of  fractured  microwelds  in  METGLA.S 
260SS-2  showed  no  evidence  of  silicon  enrichment. 

The  degree  of  crystallization  was  assessed  by  X-ray 
analysis  of  the  iron-ba.sed  alloy  processed  at  4  kV  and 
80  MPa.  The  X-ray  scan  illustrated  in  Figure  7  confirms 
that  the  bulk  remains  in  virtually  the  same  state  as  the  start¬ 
ing  material. 

In  summary,  cobalt  and  iron  based  amorphous  metal  foils 
have  been  successfully  joined  using  capacitor  discharge  re¬ 
sistance  welding.  The  microweld  array  between  ribbon  ele¬ 
ments  is  generally  stronger  than  the  individual  components. 
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Fig.  7 — .X-ray  analysi:>  for  the  iron  alloy  2605S  assembly  alter  joining 
(4  kV/gO  MPa).  The  initial,  amorphous  structure  is  retained. 
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The  strength  and  appearance  of  the  joints  were  similar  for 
air-side  to  air-side  joints,  wheel-side  to  air-side  joints,  and 
wheel-side  to  wheel-side  joints.  The  size  of  each  microwcid 
is  proportional  to  the  discharge  voltage  and  is  independent 
of  processing  pressure  between  80  and  200  MPa.  The  spac¬ 
ing  of  microwelds  is  100  to  200  fim,  independent  of  pro¬ 
cessing  voltag'i  and  pressure.  This  joining  technique  does 
not  produce  m  isurable  oxide  formation  or  crystaJlization 
of  the  bulk. 
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Identification  of  an  17  boride  phase  as  a  crystallization  product 
of  a  NiMoFeB  amorphous  alloy 
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A  new,  apparently  metastable.  Mo-Ni  boride  phase  has  been  observed  in  transmission  electron 
microscope  samples  of  rapidly  consolidated  MoNiFeB  metallic  glass  powders.  The  phase  is 
cubic  with  lattice  parameter  1 .083  nm.  Its  space  group  as  determined  by  electron  diffraction  is 
Fd  3m  and  its  approximate  composition  is  MotNi,B.  Because  its  structure,  its  composition,  and 
its  role  as  a  transition  phase  are  analogous  to  those  of  r}  carbide  ( M,,C )  in  steels  and  cemented 
carbides,  this  phase  has  tentatively  been  named  “i/  boride.” 


I.  INTRODUCTION 

In  the  course  of  an  investigation  of  the  feasi’>ili'y  of 
using  a  high  current  discharge  to  consolidate  powders’ 
comminuted  from  melt  spun  metallic  glass  ribbons,'  a^ 
previously  unreported  two-metal  boride  phase  has  been 
observed.  This  article  describes  identification  and  char¬ 
acterization  of  this  new  phase. 

The  new  phase  occurs  as  a  transition  state  in  the 
decomposition  of  a  Ni-rich  fee  solid  solution,  supersat¬ 
urated  with  Mo  and  B,  to  a  two-phase  mixture  of  a  fee 
Ni  solution  and  the  equilibrium  MoiNiB-.  As  such,  its 
metallurgical  role  is  very  similar  to  that  of  the  rj  carbide 
(MftC).  The  T/  carbide  is  a  cubic  {Fd  3m,  a„=  1. 1  nm) 
ternary  intermetallic  compound  that  occurs  in  W  and 
Mo  high-speed  steels,  austenitic  stainless  steels,  and  ce¬ 
mented  carbides.^  Originally  described  as  WiFe^B,  it 
can  vary  in  composition  continuously  to  W,FejB.  The  7f 
carbide  can  be  formed  from  a  variety  of  transition  metal 
pairs  including  W-Ni,  Mo-Ni,  and  Mo-Co.  For  this 
reason,  and  because  this  new  boride  phase  seems  to  be 
isostructural  with  7f  carbide,  it  will  be  referred  to  as  7 
boride. 

II.  EXPERIMENTAL  DETAILS 

An  amorphous  metallic  alloy  powder  of  nominal 
composition  Ni5fc,Moj3j  Fe|,|„B,„„  (atomic  percent) 
(Allied  Corporation  METGLAS'  7025)  was  rapidly 
consolidated  using  a  homopolar  generator.  In  this  pro¬ 
cess,  rotational  kinetic  energy  is  rapidly  converted  to  a 
dc  electrical  current  discharge;  the  current  is  caused  to 
flow  through  a  compact  of  the  powder,  resistively  sin¬ 
tering  it.  The  sintered  body  cools  quickly  as  heat  flows 
out  of  the  sample  into  the  surrounding  platens.'  Al¬ 
though  this  process,  as  currently  implemented,  has  nev¬ 
er  been  sufficiently  rapid  to  retain  the  amorphous  state 
in  the  dense  body,  it  did  produce  a  variety  of  microcrys¬ 
talline  states,  as  described  elsewhere.'*  Specimens  for 


'"Present  address;  Hyundai  Advanced  Engineering  and  Research 
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phase  identification  were  sliced  from  the  consolidated 
alloys  using  an  electrodischarge  machine,  encapsulated 
in  evacuated  ( 10'  ■*  Torr)  Vycor  tubes,  and  annealed  at 
800  ‘C  for  4  h  and  then  1 100  'C  for  2  h. 

Phase  identification  and  characterization  were  ac¬ 
complished  using  a  Philips  automated  powder  diffrac¬ 
tometer.  a  JEOL  200CX  TEM.  and  a  JEOL  1200EX 
TEM/STEM.  equipped  with  energy  dispersive  x-ray 
spectroscopy  (EDS)  and  electron  energy  loss  spectros¬ 
copy  (ELS).  Electron  transparent  foils  were  prepared 
by  electrtvdischarge  machining  3  mm  disks,  then  twin- 
jet  electropolishing  in  an  electrolyte  of  3  parts  nitric  acid 
and  1  part  methanol  at  -  25  to  -  35  “C.  Convergent 
beam  electron  diffraction  (CBED)inTEM  mode  at  120 
keV  in  the  JEOL  1200EX  was  used  to  determine  the 
symmetry  of  the »/  boride  phase.  The  approximate  com¬ 
position  of  metallic  elements  in  the  7  boride  was  deter¬ 
mined  using  standardless  analysis  of  EDS  spectra  ob¬ 
tained  from  particles  embedded  in  the  Ni-rich  matrix  in 
thin  foil  specimens  using  a  conventional  Be  window  de¬ 
tector.  The  presence  of  B  and  the  absence  of  C  in  the  7 
boride  was  confirmed  using  ELS. 

III.  RESULTS 

The  7  boride  occurred  as  a  minor  phase  in  many  of 
the  consolidated  samples  after  aging  for  extended  times 
at  temperatures  in  the  range  650  to  1 100  "C.^  Figure  1 
shows  an  .\-ray  diffractometer  (2ff)  .scan  of  a  consolidat¬ 
ed  sample,  subsequently  used  to  coarsen  the  7  phase 
particles.  The  strong  lines  arc  from  the  Ni-rich  fee  solid 
solution  and  the  equilibrium  MojNiB,  phase.  Several  7 
lines,  have  been  indicated.  Further  aging  at  IIOO'C 
caused  the  7  to  be  consumed  by  the  growing  MojNiB; 
and  fee  matrix  phases.  Because  the  largest  7  crystals 
obtainable  were  typically  1. 0/r  min  size, . single-crystal  x- 
ray  work  was  effectively  precluded. 

The  7  generally  precipitated  at  grain  boundaries  of 
the  fee  Ni-rich  solid  solution  ( )') .  A  typical  TEM  micro¬ 
graph  and  selected  area  diffraction  pattern  (SAD)  ap¬ 
pear  as  Fig.  2.  After  the  structural  analysis  using  CBED, 
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FIG  I  X*ray  diffraciomclcr  ( 26)  iican  of  a  sample  aged  4  h  ai  XiXi  C 
jnd  ;  h  at  I  lOl)  'C  lo  uvirsen  ihe »;  panicles  Here. "  refers  in  the  \i- 
fifh  main*:  "O"  refers  lo  ihe  onhurhombic  Md.NiB..  phase  1  he  lour 
lines  marked  "i/"  correspond  lo  ihe  { 1 1 1 ).  {4(K>).  {.I J 1 ).  and  <  41’ } 
relleciHmsof  ihe »/  boride 


it  could  be  (kterniined  t'lat  this  SAD  is  typical  of  the  i/ 
phase:  such  patterns  indicate  that  the  r/  commonly  takes 
the  following  orientation  relationship  with  respect  to 
the }'  grains: 

(HO)„|i(iio).. 

inilJKiTil  . 
iTnivilliTsi.. 

The  lattice  parameters  of  the »/  ( a„  -  I  083  nm )  and  the 
0..36I  nml  arc  such  that  the  following  lattice 
matches  are  observed: 

=  rMni.* 

The  7  particles  are  commonly  facetted,  with  large  areas 
of  { 1 10),,  in  contact  with  { 1 10},.. 

Determination  of  the  7  phase  point  group  was  done 


by  obtaining  CBED  patterns  from  the  three  prominent 
/one  axes  shown  in  Fig.  3.  The  analysis,  as  well  as  the 
notation  and  terminology,  follows  Buxton  el  al.'  and 
Steeds."  The  pertinent  observations  and  results  are  sum¬ 
marized  in  Table  1 .  The  point  group  mJm  is  the  only  one 
listed  for  each  zone  axis,  so  m3m  is  the  only  point  group 
that  can  give  the  observed  diffraction  symmetries.  For 
point  group  m3>N.  the  -f  /one  avis  i4mm  I  „ )  is  an  ((X)l ) 
axis,  the  H  /one  axis  (Joint  I,,- )  is  an  (Oil),  and  the  C 
zone  axis  (6„/mw„  )  is  a  ( 1 1 1 ). 

The  Bravais  lattice  was  determined  by  analysis  of 
the  radii  of  the  higher-order  Laue-zone  (HOLZ)  rings 
as  indicated  in  Fig.  3  in  conjunction  with  the  x-ray  pow¬ 
der  pattern  of  Fig.  1 .  The  x-ray  pattern  was  indexed  on 
the  basis  of  a  face-centereo  cubic  unit  cell  with 
a„  -  I  083  nm.  Calculation  of  the  expected  separation 
between  the  zero-order  Lane  zone  (ZOLZ)  and  the 
HO^Z  (H  in  Fig.  3)  using  the  equations  derived  by 
Raghavan  ei  ai'  are  consistent  with  that  analysis.  It  is 
concluded  that  the  7  boride  has  a  face-centered  Bravais 
lattice. 

The  four  space  groups  consistent  with  point  group 
m3m  and  face-centering  translations  are  FmJm,  Fmic. 
Fd  3m.  and  Fd  3f .  The  "d  "  and  ‘V"  glides  cause  system¬ 
atic  absences  under  kinematic  diffraction  conditions, 
for  dynamical  electron  diffraction,  extinctions  only  oc¬ 
cur  for  specific  orientations  of  1  he  electron  beam  relative 
to  the  specimen  In  particular,  extindions  normally  (K- 
cur  for  two-dimensional  diffraction  if  the  beam  is  per¬ 
pendicular  to  a  glide  plane.  In  this  case,  the  {200}  and 
{420}  reflections  are  absent  in  the  [OOl )  zone,  but  the 
{ill}.  {3T1}.  and  {133}  reflections  arc  present  in  the 
[01 1 1  zone  (Fig.  4).  Thus,  "d"  glides  normal  lo  (001) 
are  present,  but  there  are  no  "c"  glides  normal  lo  (Oil). 
Further  verification  is  obtained  using  the  (102)  zone 


FIG  2  (a)  TEM  micrograph  of  t;  boride  panicles  (arrowed  1  at  a  grain  boundary  of  the  Ni-rich  malru  (b)  A  dilTraciion  patiem  ihai  selects  an 
area  including  one  q  panicle  and  the  lower  Ni  grain  shows  that  both  the  q  and  ihe  Ni  are  near  the  (01 1 )  orientation  The  direciHsn  of  the  arrows  is 
parallel  lo  Ihe  common  |lil|  dircciion 
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FKi  CBED  pjllcrns  from  ihrce  promincm  /one  ■ivc'.  of  .1  miicIi'  >/  bornio  parlKk-  I  B,  jnd  C  are  1(K)1 |()1 1  ].  and  (III)  rone  axex 
respectively  The  left  and  right  columns  show  two  different  vanicra  lengths 


axis  in  which  the  electron  beam  lies  in  the  plane  of  one  of 
the  "d"  glides  (Fig.  5).  The  black  line  through  the 
(402 )  reflection  is  also  indicative  of  a  glide  plane  normal 
to  (020).  The  only  space  group  consistent  with  these 
observations  is  Fdim. 

The  T)  boride  decompo.ses  into  a  Ni-based  fee  solid 


solution  and  the  stable  orthorhombic  MojNiB;  phase 
when  aged  for  scr>  long  times.  This  fact  made  it  impos¬ 
sible  to  grow  large  single  crystals  for  a  complete  x-ray 
structure  determination. 

The  chemical  composition  of  the  7/  phase  as  deter¬ 
mined  by  EDS  IS  SS'T  Mo.  Ni,  and  6%  Fe  (atomic 
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XABLE  I.  Observed  eleciron  diffraction  s>minetries  for  the  three 
{oneaxesofFig.  3. 
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percent ).  Boron  in  the  7  phase  was  readily  detected  us- 
ing  ELS.  but  no  attempt  was  made  to  obtain  accurate 
quantitation.  Typical  EDS  and  ELS  results  are  shown  in 
Fig.  6.  The  overall  composition  of  the  7  boride  probably 
falls  between  Mo,(NiFe);B  and  Mo,(NiFe),B. 

IV.  DISCUSSION 

It  is  somewhat  surprising  that  no  metal-rich  ternary 
boride  similar  to  the  one  observed  here  has  ever  been 
reported.  Such  phases  are  well  known  to  exist  in  carbon- 
or  silicon-containing  systems.  The  7  carbides  ( M^C. 
prototype  W.FejC,  a„  =  1.106  nm,  1 14  atoms  per  unit 
cell.  Fdim),  the  r  carbides  (M.iQ.  prototype 
Cr^iQ..  fl()  =  1.0638  nm.  116  atoms  per  unit  cell. 
Fmim),  and  the  "G  "  silicidc  phases  (M.jSi,.  prototype 
Ti„, Ni,, Si,.  </„=  1.187  nm.  116  atoms  per  unit  cell. 
Fmim)  are  cubic,  ternary,  intermetallic  compounds 
that^can  exist  over  a  range  of  metal  stoichiometries  and 
with  a  variety  of  metal  substitutions.  It  is  reasonable  to 


FIG.  4.  Relative  orientations  of  five  different  zone  axes  obtained  from  the  same  »;  boride  particle  |  arranged  as  though  on  a  stereographic 
projection.)  Note  that  the  (200)  reflection  incurs  by  double  diffraction  in  the  |01 1 1  but  not  in  the  |0UI  |. 
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FIG.  5.  CBED  pattern  from  the  i/  bonde  m  the  1 102 1  orientation.  The 
(402)  and  (402)  disks  show  radial  black  lines  indicative  of  the  pres¬ 
ence  of  a  glide  plane  normal  to  |020|.  Upper  and  lower  show  two 
different  camera  lengths. 

e.xpect  that  B  might  be  able  to  substitute  into  one  or 
more  of  these  phases,  especially  since  B  tends  to  have 
properties  intermediate  between  those  of  C  and  Si  in 
metal-rich  intermetallic  compounds.  Nevertheless,  even 
though  Goldschmidt"  had  already  suggested  more  than 
20  years  ago  that  the  transition  from  the  ?/  to  the  G 
phases  might  be  a  "fruitful  subject  of  study.”  no  one 
seems  to  have  prepared  and  reported  such  a  bonde 
phase. 

In  this  particular  case,  the  Fdim  space  group  and 
the  measured  metal  stoichiometries  suggest  that  B  has 
.stabilized  a  structure  isomorphous  with  the  ij  carbides 
rather  than  with  the  G  phases.  If  this  is  true,  the  B  is  in 
sixfold  coordination,  its  nearest  neighbors  forming  a  tri¬ 
gonal  antiprism.  However,  in  the  absence  of  a  complete 
structure  determination,  these  statements  must  remain 
somewhat  tentative. 


(a)  r 


ON  2N  4.N  6.M  IN  100 


Energy  (keV) 


FIG.  6.  (a)  EDS  spectrum  and  Ibi  ELS  spectrum  from  the  >;  boride. 


The )/  boride  in  this  sy.stem  is  slightly  unstable  with 
respect  to  decotnposition  into  the  terminal  .solid  solu¬ 
tion  and  the  orthorhombic  Mo,NiB>  phases.  Its  exis¬ 
tence  here  is  made  possible  by  the  rapid  thermal  process¬ 
ing  that  allowed  a  relatively  large  B  concentration  to  be 
metastably  retained  in  the  Ni  matrix  and  by  a  slight 
competitive  advantage  in  formation  kinetics  it  may  have 
over  the  Mo^NiB-.  A  small  degree  of  stabilization  by 
coherency  effects  may  also  be  present.  With  regard  to 
the  kinetic  aspects,  the  7  phase  is  structurally  more  sim¬ 
ilar  to  the  fee  Ni  matrix  than  is  the  Mo,NiB;  in  that  the 
atomic  occupancy  of  the  {l  1 1}  in  the  7  phase  is  very- 
similar  to  that  of  the  { 1 1 1 }  in  the  Ni-rich  terminal  solid 
solution.  The  atomic  motions  required  for  the  formation 
of  the  7  are  probably  less  extensive  than  those  required 
for  the  formation  of  Mo.NiB,.  This  idea  has  been  in¬ 
voked  in  descriptions  of  the  metallurgical  role  of  7  car¬ 
bide  in  high  speed  steels. '  Evidence  for  coherency  stabi¬ 
lization  comes  from  the  observatton  that  the  7  boride 
takes  .specific  orientation  relationships  and  forms  well- 
defined  facets  with  the  Ni-rich  matrix.  Presumably,  the 
ability  to  form  such  low  energy  surfaces  provides  for 
more  favorable  conditions  for  the  7  phase.  After  coar¬ 
sening,  loss  of  coherency  raises  the  specific  surface  ener¬ 
gy  of  the  7  phase  particles,  eliminating  the  advantage 
that  coherency  provided  and  allowing  the  Mo,NiB;  to 
dominate. 
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or  broader  interest  is  whether  the  rj  boride  can  be 
stabilized  as  a  single  phase  by  substitution  of  other  tran¬ 
sition  metals.  Using  the  idea  that  B  is  slightly  larger  than 
C.  it  seems  appropriate  to  choose  larger  metallic  species. 
Thus  (Nb,  Hf,  or  Zr).,Fe,B  seems  to  be  a  prime  candi¬ 
date.  Whether  such  alloys  would,  in  fact,  form  a  stable 
single  phase  must  await  experimental  verification. 

V.  CONCLUSIONS 

A  new  two-metal  boride  phase  having  space  group 
fdim  and  a„  =  1 .083  nm  has  been  observed  and  identi¬ 
fied  in  crystallization  products  of  a  MoNiFeB  metallic 
glass.  Although  this  crystalline  phase  is  marginally  un¬ 
stable  with  respect  to  decomposition  into  better-known 
phases,  it  represents  the  first  of  what  might  be  a  large 
class  of  ternary  borides,  some  of  which  are  probably 
stable. 
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Abstract 

Nickel-based  metallic  glass  powder  has  been 
successfully  consolidated  using  high  energy,  high 
rate  (HEHR)  processing.  Processing  involved  com¬ 
paction  pressures  of  250— HtO  MPa  and  electrical 
energy  densities  of  1830-2460]  g  ',  Over  95%  of 
the  energy  was  deposited  in  less  than  1  s.  Con¬ 
solidates  were  structurally  inhomogeneous,  with 
fine  borides  near  the  surface  and  coarse  borides  in 
a  centra!  sample  nugget  zone,  .Microhardness  te.sis 
correlated  with  boride  particle  size.  All  compacts 
crystallized  during  HEHR  consolidation,  forming  a 
fine  Ni-Mo-Fe  f.c.c.  solid  solution,  Mo^NiBy  and. 
in  some  cases,  a  CuPt-type  structure  of  unidenti¬ 
fied  composition.  The  thermal  stabilit}'  of  HEHR 
processed  consolidates  was  assessed  by  annealing 
for  up  to  100  h  at  650  "C.  New  phases  appeared, 
including  NiMo.  .M^jC^-type  boride  and  M,,C-type 
boride.  On  monotonic  heating,  the  crystallization 
sequence  for  Ni,„  Alo,,  iFe„fi,„  was  determined  to 
be  amorphous  phase- pha.se  separation- ghm 
transition  of  a  high  temperature  amorphous 
phase- partial  crystallization  of  the  .\i-.\lo-l-e 
f.c.c.  .solid  .solution- complete  crystallization 
(Mo,,\ilf).  The  activation  eneigy  for  the  low  tem¬ 
perature  crystallization,  2%  Id  moP equals  the 
interdiffusion  value  for  molybdenum  in  nickel.  The 
activation  energy  for  the  high  temperature  crystalli¬ 
zation,  390  kJ  mol  ',  compares  favorably  with  the 
activation  energy  for  molybdenum  self-diffusion. 
Two  peaks  on  the  HEHR  power  curses  during 
proce.ssing  are  interpreted  to  reflect  changes  in 
powder  resistivity  associated  with  the  crystalliza¬ 
tion  events. 


•Presoni  address"  Hjundai  Advanced  J.neineerine  .mil 
Research  Laboraiorv.  140-2  Ke-l)<  nj:.  Jonero-eii.  Sc  ul 
1 10.  Korea. 


1.  Introduction 

There  has  been  .sustained  intere.st  in  bulk  con¬ 
solidation  of  rapidly  quenched  metallic  materials 
for  engineering  applications  (1-6).  More  recently, 
these  materials  have  been  identified  as  potential 
precursor  materials  for  microcrystailine  compo¬ 
sites  (7).  Cahn  [8J  has  outlined  a  parallel  approach 
for  making  microcrystailine  ceramics  from 
specially  formulated  oxide  glasses,  using  the 
f\’roccram  processes  developed  around  1 960.  In 
the  last  6  years,  several  nevv'  metallic  glasses  have 
been  formulated,  combining  transition  metals  and 
metalloids  (9-12).  Several  of  these  materials 
retain  some  ductility  and  high  strength  after  de¬ 
vitrification. 

The.se  materials  are  bulk  consolidated  from 
powders  or  thin  ribbons  by  numerous  processing 
approaches  which  minimize  structural  degrada¬ 
tion  by  limiting  the  time  at  an  elevated  tempera¬ 
ture.  These  include  plasma  spraying  (13),  laser 
welding  (4).  swaging  (14),  warm  deformation  pro¬ 
cessing  j.S.  1 5)  and  explosive  or  dynamic  compac¬ 
tion  (16-21).  Success  is  limited  since  the.se 
materials  form  low  toughness  phases  when  they 
crystallize  at  a  relatively  low  temperature.  'I  vpi- 
cally  T,.~().5  T„,  where  7).  is  the  glass  transition 
temperature  and  is  the  liquidus  temperature 
;22j.  Bulk  processing  of  these  materials  by  hot 
pressing  or  extrusion  is  possible.  However,  the 
high  temperature  exposure  generally  induces 
thermal  degradation  and  microstructural  coars¬ 
ening -23). 

High  energy,  high  rate  vHEHR!  processing  is 
an  alternative  method  for  consolidating  micro- 
crystalline  particulate  materials.  It  attempts  to 
take  advantage  of  pulse  heating  above  T^.  which 
can  increase  nucleation  rates  by  orders  of  magni¬ 
tude  ;24!.  The  heating  takes  place  under  an 
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applied  stress  which  :H'ccleratcs  nucication  as 
well  as  volume-diffusion-controlled  growth  24:. 

HEHR  power  sources  and  processing  have 
been  described  elsewhere  for  a  variety  of  mate¬ 
rials  [25].  The  purpose  of  this  investigation  was  to 
assess  the  feasibility  of  HHHR  processing  in  bulk 
consolidation  of  micnKryslalline  comiKisite 
materials  by  dcviirirication  of  metallic  glass  pre¬ 
cursors.  A  10  MJ  capacity  homopolar  generator 
(HPG)  power  source  was  used  to  consolidate 
metallic  glass  |X)wder  by  direct  pul.se  electrical 
resistance  heating  under  pressure.  'I'he  energy 
deposited  in  the  powder  mass  was  of  the  order  of 
2000  J  g ' over  95%  of  which  was  deposited  in 
less  than  I  s. 

2.  Experimental  procedure 

Melglas  *7025  iNiv.5Mo,,<Fe|„B,„;  ptnsder 
and  ribbon  were  obtained  from  the  Allied  Cor¬ 
poration.  The  ribbon  was  produced  by  planar 
flow  casting;  as-received  (ARl  powder  t-140 
mesh)  was  comminuted  from  the  ribbon.  The 
near-amorphous  state  of  the  Ni„.  5Mo;,«Fe,„B|,i 
lAR)  was  confirmed  via  X-ray  diffraction  and 
transmission  electron  microsct'py  i'ftMf  Fig.  I  •. 
Powder  was  preprocessed  by  annealing  to 
produce  starting  materials  differing  from  the  as- 
received  material.  Some  powder  was  heat  treated 
in  vacuum  (10  -  Torri  at  515  °C  for  l-.l  h  and 
some  at  ,S00°C  lor  I  h.  I  he.sc  preprocessctl 
materials  are  referred  to  as  billows:  partly  crystal¬ 
lized  powder.  Ni<(,  ^Mo-,  ,Fe|,|B,„  <  I  s  fully  crystal¬ 
lized  powder.  Ni;,,  <Mo. ,  <Fe|„B|„ '  II). 

.As-received  and  preprocessed  powders  were 
consolidated  in  50  g  Kits  using  a  1 0  MJ  capacity 
HPG.  The  HPG  is  an  electrical  machine  which 
converts  stored  rotational  kinetic  energy  into 
electrical  energy  using  the  Fartiday  effect  J26j.  It  is 
a  low  voltage,  high  current  device  operated  in  a 
pulsed  mode.  Typical  energy  delivery  parameters 
for  this  re.search  were  2.5-4  V  and  40-70  kA.  .A 
powder  mass  was  placed  in  a  siecl-backcd  alu¬ 
mina  sleeve  of  25  mm  inside  diameter.  Copper 
plunger-electrodes  were  installed  t>n  each  end 
and  the  powder  mass  was  pressurized.  The  HPG 
was  discharged  across  the  powder  mass  via  the 
copper  clectrode.s.  No  protective  atmosphere  was 
used.  Huring  processing,  the  variations  in  electric 
current  and  voltage  across  the  powder  mass  were 
continuously  monitored  using  an  oscillographic 
recorder.  Energy  dissipation  was  calculated  by 
integration  of  the  product  of  the  curves. 


t-'ic.  I.  u  \-r.i\  JittMcnon  paliern  ol  ;hi-  js-rcceivcd 
b  TEM  iricrograph'  .-nd  electron  dif- 
Iraeiion pattern  dI  thea^-recei^ed  B.. . 


Structuial  htimogeneity  was  assessed  by  micro- 
hardness  testing:  500  c  Knoop  and  diamond 
pyiamid  tests  were  performed  on  selected  sam¬ 
ples.  Optical  metallography  was  accomplished 
after  mechanietil  ptdishing  :ind  etching  using  a 
solution  t»f  2  S’  ol  C'r.O-.  400  ml  t»f  H(  I  and  So 
ml  of  HA 

Scanning  electron  microscopy  .SF  NI  was  per¬ 
formed  Using  a  JEOL-.'5C  scanning  electron  mi- 
erosco|X‘.  The  SliM  image  was  somewhat 
improved  by  sputtering  a  thin  layer  <4  gold  on  the 
sample  surface.  Specimens  ftir  I'lwM  were  pre¬ 
pared  by  iwin-jet  thinning  in  a  Fisehione  cell 
using  a  solution  ol parts  ol  metliaiu>l  and  1  part 
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of  nitric  acid  at  between  -32  and  -25“C. 
Some  TEM  samples  were  prepared  by  ion  milling 
using  a  Gatan  twin  miller,  argon  gas,  an  excitation 
voltage  of  5  kV  and  a  current  of  0. 1  A.  A  removal 
rate  of  approximately  1  ;<m  h~'  was  obtained.  A 
JKOL-I200EX  scanning  iran.smission  electron 
microscope  operated  at  120  kV  was  used  for 
analytical  microscopy.  Energy-dispersive  (X-ray) 
.spectroscopy  (EDS)  and  electron  energy  loss 
spectroscopy  (EELS)  were  performed. 

Differential  .scanning  calorimetry  (DSC)  and. 
above  725  ®C,  differential  thermal  analysis  (DTA) 
were  used  to  detect  crystallization  exotherms.  A 
ftrkin-Elmer  .series  7  differential  .scanning 
calorimeter  and  a  differential  thermal  analyzer 
760  were  used.  The  heating  rate  was  varied 
between  40  and  160  K  min"',  and  a  nitrogen 
atmosphere  was  used  (20  ml  min"';.  The  peak 
and  transition  temperatures  were  recorded.  X-ray 
diffraction  was  performed  using  a  Philips  dif¬ 
fractometer  with  a  copper  tube  operated  at  35  kV 
with  a  nickel  window. 

3.  Results 

3.  /.  High  i'iierg\\  high  rate  processing 

Table  1  lists  the  HEHR  prtKessing  parameters 
for  consolidation  of  powders.  The  energy  inputs 
ranged  beween  1830  and  2460  J  g' '.  Figure  2(a. 
shows  typical  power  distributions  for 
Ni,„_<Mo;_,5Fe,„B,„  lAR;  processed  at  various 
energy  inputs,  and  Figs.  2'b)  and  2(c)  tho.se  for 
the  three  starting  materials  processed  at  less  than 
2()()()  J  g* '  and  greater  than  2000  J  g" '  respec¬ 
tively.  All  electrical  energy  was  deposited  in 
less  than  1 .5  s.  The  peak  power  ranged  between 
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100  and  200  kW.  All  consolidations  of 
Nij*5Mo25.}Fe,„B,„  (AR)  exhibited  power  curves 
with  three  peaks,  at  approximately  80.  200 
and  300  ms.  These  power  curve  peaks  were 
better  articulated  at  high  energy  inputs.  The 
second  peak  was  absent  for  compacts  of 
^iuB|(|  (I).  For  Ni^^^^Moj^ jiFcidBiii 
(II).  only  the  first  peak  was  present. 

Microstructural  examination  of  HEHR  pro¬ 
cessed  specimens  revealed  complete  densiflea- 
tion  but  varying  degrees  of  structural 
inhomogeneity.  This  is  evident  in  the  etching 
behavior  of  specimen  cross-sections  shown  in 
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Fig.  riio  axis  ol's\mmctr\  loi  cash  spociiiK-n  in 
coiiiciticni  willi  the  voriical  lino  spliiiing  the  loli- 
and  riglil-hand  columns.  The  k-lt-luiiui  ot>limm 
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g  and  iho  light-hand  column  high  energy 
mpuis  gK-atci  than  2000  J  g  '  .  The  three  rows 
are  tor  Ni  .  ,Mo.,,Fe,  B,.,  .AR  .  1  and  II  .  It 
appears  ihai  siiuctural  honu'ocnixalK'ii  is 
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f-it.  4.  Opiical  micrographs  taken  from  a^  near  the  'uriace 
and  -b'  the  center  ol  sample  15S  AR-.  Prior  particle  boun¬ 
daries  aie  Msible  near  the  surlace  and  some  \oids  are 
present.  Ktne  boride.s  dominate  the  central  legion  ot  the 
specimen 

iinpfovcd  by  low  energy  densil\  eonv>lid;tiion 
and  structurally  stable  .starting  intiterial.  Figure  4 
shows  opticiil  tnicrogriiphs  ol  the  inicrostructures 
v>f  a  low  energy  input.  HFIIR  processed 


Ni5fijMo;_,5Fe,„B,y  (AR)  specimen  in  the  dark¬ 
etching  region  near  the  copper  electrode  during 
consolidation  (Fig.  4(a))  and  in  the  light-etching 
region  near  the  center  of  the  specimen  (Fig.  4(b)). 
At  low  magnifications  the  specimen  appears 
unaffected  after  proce.ssing  near  the  surface, 
retaining  the  powder  particle  boundaries.  The 
central  "nugget**  region  of  the  specimen  w'as 
.structureless  except  for  a  well-distributed  second 
phase  of  dark-etching  particles.  SEM  micro¬ 
graphs  of  over-etched  specimens  at  a  higher 
magnification  are  shown  in  Figs.  5(a)  and  5(b). 
The  particles,  identified  as  the  Mo^NiB,  reaction 
product  in  an  Ni-Mo  solid  solution  matrix,  are 
less  than  0. 1  /<m  in  size  near  the  surface  .specimen 
and  are  coarsened  to  approximately  1  //m  in  the 
central  nugget  core.  The  boride  was  present  in  all 
HEHR  processed  materials.  Its  size  in  the  dark¬ 
etching  surface  region  was  0.1  /<m  or  less  for  all 
specimens,  although  the  boride  distribution  was 
more  uniform  when  the  starting  material  was 
Ni;,.<Mo2.v5Fe,„B,„  (1)  (cf.  Figs.  5(a)  and  5(c)). 
Specimens  which  tended  toward  macroscopic 
homogeneity  exhibited  less  boride  coarsening. 
This  is  shown  in  Figs.  5(c)  and  5(d).  SEM  micro¬ 
graphs  taken  from  the  surface  and  nugget  region 
respectively  of  Ni5„jMo;3.5Fe,„B|„  (I)  HEHR 
processed  at  a  low  energy  input.  Some  coarsening 
occurred  in  the  central  region  of  this  specimen 
relative  to  the  surface,  but  the  extent  is  signifi¬ 
cantly  le.ss  than  in  the  Ni<„5Mo-;.jFe|,|B|„  (AR) 
HEHR  processed  at  high  energy  density  (Fig. 
5!bi). 

.•Xxiai  inhomogeneity  was  further  characterized 
by  microhardness  testing.  Figure  6  shows  a 
typical  hardness  traverse.  The  nugget  zone  con¬ 
taining  coarse  boride.s  was  .significantly  softer 
than  the  dense  coarse-grained  surrounding 
material  containing  the  fine  borides.  Hardness 
profiles  for  the  six  specimens  in  Fig. appear  in 
rig.  7.  The  diamond  pyramid  hardne.ss  of  the 
central  nugget  zone  yvas  consistently  500  DPH 
for  the  four  specimens  exhibiting  this  feature.  The 
primary  effect  of  increased  energy  density  yvas  to 
e.xpand  the  size  of  the  nugget  zone  yvithout  sub- 
siantiye  chance  in  surface  hardne.ss  700-800 
DPH  . 

HEHR  processed  specimens  subjected  to 
microstructural  and  hardness  characterization 
were  re-evaluated  after  annealing  at  650  T  for 
2ii.  50  or  lonh.  The  hardness  profiles  and 
■Mo-.NiB-  morphology  yvere  unchanged  by  this 
pi»si-pi  ocessing  annealing. 
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Fig.  5.  SEM  micrograph.s  taken  from  (ai.'c  near  the  .surfaces  and  b.  d'nearthocenter,sofia).(b)sample  757>ARiand  c;.  d 
sample  766 1 1 .  The  MojNiB;  particles  are  coarsened  in  the  center  of  the  ,sample.s  but  remain  fine  and  well  di.stribiited  in  the  dark 
etching  .surface  region. 
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(•ij;.  AmuI  liardnosv  prolilcs  iil  iho  a  lovv  and  b  high 
mpui  cncij;)  samples  The  exiem  of  die  liiihi-ciehine  mia.cei 
/one  (I  I'll!. corresponds  lo  die  cemral  5U('  l>l’ll  hard¬ 
ness  plateau. 


3.2.  CiystalUzutioij  behavior 

The  cry.stallizali()n  of  Ni^„  ;Mo;;4Fe,„B|„  was 
probed  using  thermal  analysis  iDSC  and  DTA;. 
X-ray  diffraction  and  analytical  electron  micro¬ 
scopy.  The  structure  of  ribbon  from  which  the 
powder  was  comminuted  is  shown  in  I'igs.  l(b>. 
S  ;i»  and  S'b!.  for  the  as-ieceived  condition,  after 
heating  in  a  DSC  chamber  to  331  °C  at  a  rate  of 
40  K  min  and  after  heating  in  a  DSC  chamber 
to  677  T  at  a  rate  of  40  K  miir'  respectively. 
The  diffraction  patterns  confirm  the  presence  of 
amorphous  m;iteri!il  in  all  cases.  The  as-received 
material  il-ig.  bb  is  mottled  with  fine  paiticle 
features  approvimately  5  nm  in  diameter.  The 
material  heated  to  3}>1  °C  shows  similarly  sized 
particles  now  superimposed  in  a  compositionally 
mixiulated  matri.v.  The  light  areas  in  Fig.  8iai  are 
nickel  rich;  the  dark  areas  are  iron  and  molyb¬ 
denum  enriched.  .Material  heated  to  677  °C  Fig. 
8!b'  paitially  cr\stallized  with  particles  10-15 
nm  m  diameter.  .At  ihe  lower  magnification  the 
modulated  structure  is  .still  imaged  but  is  less 
distinct  than  the  material  illustrated  in  big.  Sui*. 

The  effect  o!  powder  preprocessing  is  shown 
in  big.  6  for  as-recei\ed  lAR .  partialK  crystal¬ 
lized  I  and  full)  cr\siallized  ill,  powder.  The  as- 


I'lu  s  1 1- \I  muri'^r.iplis  .iik!  oli\!i>'U  .lilir.icuoii  p.iiMii\«-i  ribb.  11 -t.iiiiKii '  \  DSC  ,u  lU  K  mm  up  in  .i  (' 

.iiul  h  i>  (  \  ini>iiiil.iit.(l  viriiviuiv  iu<l '.•UK  iin."pl.<>ii' nuKn  il  u.  piv'.m  iii  I  iik' p.iriKic'  lu  '.iMblc  ai  ;h.. 
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Kig. .X-r;i\  diffriiciion  paiioiiiN  .iiiil  D'lA  thcrmogramN  Iron)  a  ih<.  s-roceivcd  powder  ARi. 'bi  powder  aniiealod  at  515  °C 
lor  I  h  I 'and  c  powder  annealed  at  Stio  Cfor  I  h  II . 


received  material  shows  a  single  broad  X-ray 
pe:ik  indicative  of  its  amorphous  nature.  DTA  of 
the  Ni<„,Moy.  AR  is  typified  b\  two 

e.xoihermic  crvsiallization  peaks  at  531  and 
-S15  '('  for  a  heating  rate  of  4(i  K  mm  I  he 
Nit,,  t\l-);-,  tFe,„B|„  I’  5 1 5  'C  for  1  h  ■  Fig. ')  b 
shows  three  diffrtiction  peaks  kibelled  n.  which 
cttrresptmd  to  f.c.c.  Ni  -lSat.’lAlo  solid  solution 


of  lattice  parameter  0.36  nm*  *27j.  The  first  DTA 
crystallization  peak  is  absent  and  the  high  tem¬ 
perature  crystallization  peak  is  still  present. 

‘l•i•l  S  ,ind  I'.DS  ic'tilis  111  plitoc  idcniilio.nion  lioiii 
Ill-IIK  lon'oliil.tiisl  s.iinpio  15.s  ,-\R  and  '.tinpU  “'lO  I 
vtcid  ni.iiiiv  toinpiiviiions  ol  M-2.Mt  ’.Alo- lii.ti.' .  l  o  .ind 
Ni  Zii.U  '  Mi>  |iMi".d  c  lospociivcl).  I  111' pli.iM- 1' iv.'lfrii.'d 
i.'.i'iIk'"!  c.i'  M'lid  viltnion". 
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Based  on  DSC  results,  the  inflection  at  575  “C  is 
thought  to  be  associated  with  a  glass  transition  in 
the  high  temperature  amorphous  material. 
NijftsMojj  jFeKiBi,,  (II)  (800  “C  for  I  h)  exhibits 
two  .sets  of  sharp  diffraction  peaks,  the  n  peaks 
for  the  f.c.c.  .solid  solution  and  a  .set  of  m  peaks 
which  were  indexed  as  Mo,NiB,.  The 
(21 1)-(310),  (121)  and  (231)  Mo.NiB,  peaks  are 
coincident  with  the  (1 1 1),  (200)  and  (220)  f.c.c. 
solid  solution  peaks  respectively.  The  associated 
DTA  run  also  indicates  complete  crystallization 
by  the  absence  of  any  exotherm. 

DSC  of  the  first  crystallization  period  in  the  as- 


TEMPEHATURE 


Fig.  10.  'O’  DSC  ihcrmograiTiN  of  the  as-rcccivcd  pimdcr 
will)  diffca-m  heating  rates  i40.  80  and  160  K  min  ' ;  'b> 
■schematie  thermogram  decomposed  into  a  glass  transition 
peak  for  a  high  temperature  amorphous  phase  and  super¬ 
imposed  crsstallization  peak  for  a  low  temperature  amor¬ 
phous  phase. 


received  powder  delineated  a  combined  broad 
endothermic  peak  and  a  sharp  exotherm  (Fig. 
10).  These  peaks  are  associated  with  a  superposi¬ 
tion  of  the  glass  transition  at  and  the  crjstalli- 
zation  at  'l\  as  shown  schematically  in  Fig.  lOlb). 
Unlike  the  exothermic  peak,  the  endothermic 
peak  appeared  to  be  suppressed  at  high  heating 
rates  and  was  reversible  if  high  temperature  crys¬ 
tallization  was  avoided  {cf.  Fig.  y(b)). 

Kissinger  [28]  plots  of  the  two  crystallization 
events  were  obtained  by  plotting  T^IP  vx.  1/7'^ 
on  logarithmic  scales  (Fig.  11)  where  is  the 
peak  temperature  of  the  exotherm  and  fi  is  the 


Fig.  II.  Kis^ingcr  plot  of  both  crssiallizaiion  e\enis  in 
Ni,,.<Mo.:  open  cymbols  are  DSC  data:  full 

symbols  arc  DTA  data.  The  activation  eneigs  for  the  low 
temperature  crystallization  correlates  with  interdiffusion  of 
molyWenum  and  or  iron  in  nickel.  The  activation  energy  for 
the  high  temperature  crystallization  equals  that  tor  molyb¬ 
denum  .self-diffuMon. 


T.^BLE  2  Phases  identiricd  in  high  energy,  high  rate  processed  N*<t..<.Mo:i5Ke,„B,„  in  as-processed  and  post -processed 
annealed  condilionN 


Contlilion 


I’liiiws  idcniilial 


.■U'lfu'ival  pimdcr 

Mo;  Je  Jt,.  i.\H> 

I’anh  {■n\liilli;f(l [un\iki 
\/„  Mo  Ir.n  III 

l  uUy  vr\  d pondt  > 

\i..  Mo  h-  It,  lilt 

As  processed  F.c.c.  solid  solution'':  Mo  Nilt.; 

Cul’t  structure 

F.s'.c  solid  solution.  Mo  \iH_- 

F.c.c.  solid  soliiium.  Mo  \iB- 

Annealed  at  o.'ll  'C  F  c.c  solid  solution'.  .Mo-SiH  ; 

lor  211  h  V'i..Mo:  C'ui’i  structure: 

structure 

Fc.c  solid  solution.  Mo  NiU  . 
»;-boride 

F.c.c.  solid  soliitioii;  .Mo  ViBj 
iZ-boride 

Annealed  at  o.'ii  X'  F.c.c  solid  solution  Mo,NiH-. 

for  .sO  h  .NijMo:  C'uHt  structure; 

>/-boride 

Fc.c,  solid  solution.  \l.\\iB  . 
;;-lvoride 

F.c.c,  solid  soUiiioii'  Mo,NiB;. 
//-boride 

Annealed  .It  o 'll  C"  F cc. solid  solution; \lo_\iB  . 

lor  IlKih  Ni.,Mo  dissolving: 

C'liPi  structure,  ipboride 

F.c.c  solid  soiuiioii.  Ml'  NiB> 
»/-boride 

F.c.c.  solid  solution.  .XIo.NiB;: 
//•boi  ide 

‘\i-  at. '  Mo-  lilai.’.'Fi.  based  on  .\-rav  dilli.iciion.  1; 

l)S,uul  F.KI  S 
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heating  rate.  The  activation  energy  of  the  low 
temperature  cr\’.stallization  i.s  290  kJ  mol" while 
that  for  the  high  temperature  cry.stallization  i.s 
390 kJ  mol"'. 

The  major  pha.ses  in  all  HHHR  prcKc.ssed 
materials  (Table  2)  are  the  f.c.c.  solid  solution  and 
MoiNiB;,  as  rejwrted  in  the  calorimetric  studies 
of  the  powder.  The  Mo2NiB2  has  a  chunky  .shape 
(Fig.  5)  and  i.s  embedded  in  the  f.c.c.  matrix.  It  is 
coarse  in  the  center  secti<'n  of  HEHR  consoli¬ 
dates  but  it  appears  with  the  f.c.c.  .solid  .solution  as 


t-ii:.  12.  Fine  M.i.NiU;  panicles  apprcwim.iieK  .^0  nm  in 
size,  in  an  I'.e.c.  solid  solution  iiiain.v.  I  he  Th.M  toil  was  taken 
from  the  ne.ir-surlaee  leeiou  of  as-eonsolidaied  siimple  1 58 
AR». 


c  d 

Fii:.  I.',  .\s-»,ii:.soliUaieil  s.i'iipU  15s  \l\ .  .i  (  ol’t-ivpi 

ph.ise  with  sfleeivd-aie.!  diltr.ie'ion  >il  (."iil’i  o|  I  omuii.iiioii. 
rite  .iirow  shiiws  ihc  Ciil’i  1 1 1  diieciioii  b  I  Ik 'cLeied- 
.iie.i  diliraetion  of  :he  ('ul’i-i\pe  phase,  I  he  wliiu  iiit'Wv 
indie.ile  twin  spots  m  the  Ctil'i-ispe  phase,  e  Uisiiihuiion  oi 
.iloius  .It  ihe  ■omposiiion  (  ui’i.  liom  2'>  I  he  .iliiiii.iie 
1 1 1  pl.ines  arc  the  eoppei  .mil  pl.iimmn  *  positions 
d  Disiril'uiioi!  oi  atoms  on  .i  sineU  Cu  III  pl.nis-,  .■!  the 
eomposiiion  C‘u  Ft  .lioiii  2'< 


a  complex  fine-.scale  microconstituent  near  the 
surface  (Fig.  12i. 

A  third  phase  was  detected  in  the  HEHR  pro¬ 
cessed  .samples  from  as-received  powder  (Fig. 
13).  The  diffraction  pattern  of  the  planar  defect 
area  of  the  diamond-shaped  crystal  shows  addi¬ 
tional  spots  at  ;!  1 1 1  and  ;{200)fr,.  The  matrix 
spots  show  streaking  along  (1 1  Ij.  This  diffraction 
pattern  is  interpreted  as  due  to  an  ordered  CuPt- 
type  superlattice  D,/  (R.3wi).  As  shown  in  Fig. 
I3(c>.  a  stoichiometric  composition  consisting  of 
alternating  copper  (lighter  element)  and  platinum 
(heavier  element!  po.sitions  on  (111)  planes  is 
consistent  with  the  diffraction  spots  at ;( 1 1 1  In 
the  case  of  CuPt.  it  is  known  that,  if  the  composi¬ 
tion  is  off-stoichiometric  (more  than  50%  Pt). 
platinum  positions  appear  on  the  Gul  l  1 1)  plane 
(Fig.  1 3(d)).  This  causes  a  secondary  ordering 
which  is  the  origin  of  the  :(200)f„  diffraction 
spots.  Final  arrangement  of  this  ordering  would 
be  complete  in  a  compound  of  stoichiometry, 
Cu-Pu  [29).  The  composition  was  undetermined; 
however,  this  phase  is  thought  to  be  a  binary  or 
ternary  NiMoFe  compound,  possibly  iMo. 
Nii-.Fci.  Twin  spots  are  also  observed  in  the  dif¬ 
fraction  pattern  in  Fig.  1 3' b)i arrows i.  Twin  spots 
aligned  with  !•;  1 1 1 spots  on  the  sixth  streaked 
plane. 

The  thermal  stability  of  HEHR  processed 
Ni„,5.Vlo2i5Fc,„B|„  was  assessed  by  annealing 
con.solidates  for  various  times  at  650  °C.  ,^fter 
20  h.  two  new  phases  were  detected  in  HEHR 
processed  as-received  powder.  The  first  was  a 
finely  distributed  Ni^Mo  ordered  phase  (Fig.  14i. 
Ni;.Vlo  forms  near  the  Mo^NiB,  interface  and  on 
dislocations.  The  diffraction  pattern  of  this  area 
.show.s  additional  !'420)  spots  on  the  (i22]  zone 
axis  selected-area  diffraction,  consistent  with 
Ni..Vlo  crystallographically  aligned  with  the 
matrix.  .Mottled  strain  contrast  can  be  seen  on  the 
bend  contour,  simultaneous  with  a  diffused  halo 
on  the  diffraction  pattern.  The  Ni_«.\lo  ordered 
phase  has  the  oilhorhomic  D-.,,-'  ilninim  super- 
Itiltice.  The  e  axis  of  Ni>.VIo  can  be  aligned  paral¬ 
lel  to  10(1.^,  v'ith  it  and  h  directed  along 
approximate  1 10  This  gixes  lise  to  six  inde¬ 
pendent  xarianis.  In  I'ig.  15  the  diffraction 
pattern  ol  the  i  12.  zone  axis  shows  two  addi¬ 
tional  spots  dividing  420  along  one  of  the 
g  420  into  three  ec|ual  sections.  .Additional 
spots  are  similarlv  arranged  along  220  .ind 
.'1 1  .  Bright  field  :ind  dark  field  taken  liwin 

.'11',^^  and  402., micrographs  Figs. 
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Kiu.  14.  Saniplt;  158  AR)  annealed  ai  65(1  ”C  for  20  h.  slunving  the  Ni.-Mo  ordered  phase  del'ir  and  stacking  fault  right  with 
selected-area  diffraction  of  the !  i  22|  orientation. 


15(ai-15ici'  reveal  two  different  variations  of 
Ni:Mo. 

The  second  phase  observed  on  annealed 
HEHR  processed  specimens  from  as-received 
powder  was  a  boride  of  M;jC„  type,  shown  in 
Fio.  16  as  grain  boundary  precipitates.  On  the 
dilfraclitm  patlern.  ordered  Ni-Mo  spots  appear 
with  additional  spots  dividing  g  OdI  by  three. 
This  is  a  typical  orientation  130*.  The 

M;:C,.-type  boride  is  freiiuentl>  observed  in  two 
metal  boride  systems  13 1.  32'with  the  habits 

111m,  hi  ■.. 

:h():^,  ,  illO,,. 

t'si  (  =-'<6.. 

After  annealing  for  .^0  h  ;it  6.50  ('.  a  new 
tiietastable  pluise  appeared,  identilied  as 
boride  Fig.  1"  33  .  Fhese  well-delined  faceted 


V-boride  particles  were  typically  located  at  matri.x 
grain  boundaries.  The  Ni.Mo  particles  were  not 
present  in  the  vicinity  of  the  >/-borides.  Strain 
contrast  on  the  lateral  side  of  the  coarsened 
Ni^.Vlo  particles  indicated  that  coherency  distor¬ 
tion  of  the  matri.x  on  the  long  interface  of  the 
Ni-Mo  increased  as  the  Ni-Mo  coarsened. 

After  aging  for  lOOh  at  650  °C.  the  Ni-Mo 
ordered  phase  had  ctiarsened  to  about  1 50  nm. 
The  first  evidence  for  Ni;Mo  decomposition  was 
evident  after  this  thermal  treatment,  indicated  in 
Fig.  1,S  by  particle  ledging  and  disruption  of  the 
giain  boundary. 

The  long-teim  stability  of  the  various  phases 
present  m  HhMR  processed  samples  from  as- 
received  powder  was  asse.ssed  by  annealing  at 
.SOOT'  for  4h  followed  by  a  2h  anneal  at 
llOll  'C.  Figure  shows  typical  structures. 
Picsent  are  ,\Io-\iB.  particles  500-SO0  nm  long 
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I'ly  li>  S.iinplL'  AK  .iniK.ilal  .11  (t.'H  C  ioi  2'-h.  vhowin^  ihc  \i  Md  •inkivvl  ph.i'c  piccipnaicd  on  di'loi..i:ionv.  and 
M_,(  -ivpc  horivlc  .iriowx  pics.ipiiak'd  .n  (!k  ;uiin  1'.  laul.'.rv  ihc'i.l».i.k’d-,ii<.\idi!ii  ii.:ionivitnhe  (inl  oncniaiu'n 


in  ;i  matrix  ot  the  t.c.c.  solid  solution  with  an 
occasional  v-lxiridc  particle  now  coais<.ncd  to 
oxer  1  «m  in  size.  No  N'lMo  was  ohserxed 

Ihe  structuial  stabilitx  o|  specimen^  lll  llR 


processed  liom  partlx  crxstallized  and  tullx  erxs- 
talli/ed  powdei  was  ^imilal  and  less  complex  than 
the  libliR  pios'essed  as-receixed  powder.  All 
'pscimeiis  altei  processing  were  liillx  crxstalli/ed. 
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Fig.  17,  Sample  158  .AR)  annealed  at  650 'C  for  50  h. 
showing  tj-boride  black  arrows,  on  a  grain  boundars  and  the 
Ni;Mo  ordered  phase  ;white  arrowi  near  an  iMo..NiB. 
particle. 


Fig.  IS.  .Sample  156  .AR  annealed  at  65(1 'C  lor  100  h 
The  decomposing  Nt;Mo  oidered  ph,ise  e.sisis  neat  the  gram 
bomulars  wheie  Ncseral  ledges  are  seen. 


consisting  of  1  Min  gntins  of  f.c.c.  ni;iiri.\  with 
i()()-2()()  nin  Mo;NiB;  particles  loosely  clusteretl 
along  f.c.c.  grain  boundai  ies.  .\nnealing  at  O.Sfi  C 
for  times  between  20  and  100  h  produced  no 
chitnge  in  the  as-consolid:ited  structure,  excepting 
formation  of  ?;-boride  tifier  annealing  for  20  h. 
Typical  microstructures  appear  in  Fig.  20  tor 
partly  crystallized  I.  Fig.  20  a  and  fully  crystal¬ 
lized  II.  Fig.  20  b  staiting  powder.  For  the  most 
p:irt.  j/-borides  appeared  among  the  clustered 
Mo>NiB;  microstructures  typical  for  these 
materials. 


4.  Discussion 

4.  /.  High  energy,  high  rale  power  amvs 

The  power  curx’es  in  Fig.  2  arc  interpreted  as 
reflecting  the  electrical  resistance  .state  of  the 
material.  The  first  peak  at  80  ms  is  associated 
with  the  pulse  chtiracteristics  of  the  homo|iolar 
generator.  An  origin  for  the  second  peak  at  200 
ms  is  the  reduction  in  powder  mass  resistance 
associated  with  the  low  temperature  crystalliza¬ 
tion.  For  an  average  heating  rate  ^  of  4000  K  s ' 
this  temperature  is  approximately  750  *C  based 
on  extrapolation  of  the  data  in  Fig.  1 1.  This  inter¬ 
pretation  is  supported  by  the  suppression  of  the 
second  peak  for  HEHR  processing  of  partly  or 
fully  crystallized  material. 

The  third  peak  in  the  power  curves  is  asso¬ 
ciated  with  the  high  temperature  crystallization 
with  concomitant  resistance  drop.  This  peak  is 
present  for  the  fully  amorphous  and  partly  crys¬ 
tallized  starting  material  but  is  absent  when  the 
starting  pow'der  is  fully  crystallized.  For  an 
average  heating  rate  of  4000  K  s" the  cry.stalli- 
zation  temperature  is  estimated  to  be  11 20  °C. 
Both  process  crystallization  temperatures  are 
significantly  higher  than  the  values  recorded  in 
the  low  heating  rate  40  K  min ' '  calorimetry  ex¬ 
periments.  53 1  X  and  8 1 5  ®C  respectively. 

4.2.  Crysuillization  behavior  of  Ni<n-iMo2^,iFei„Bi„ 

On  monotonic  heating,  the  crystallization 
.sequence  in  Ni5„jMO;_,jFe,„B,„  involves  a  two- 
stage  process.  The  amorphous  metal  first  under¬ 
goes  a  compositional  phase  separation.  A  glass 
transition  of  a  high  temperature  amorphous 
phase  takes  place  at  approximately  520  °C. 
concurrent  with  crystallization  of  a  low  tem¬ 
perature  anuuphous  phase  to  form  an 
Ni-'  18-23’at.‘!oMo-l()at.%Fe  .solid  .solution.  On 
the  basis  of  the  o\erall  composition,  this  invtthes 
mass  transport  of  nudybdenum  away  from  the 
crysittllizing  phtise.  The  tictivation  energy  for  this 
crystallization.  200  k.I  mol  ‘ clo.sely  matches  the 
activiition  iVtr  mienliffusion  of  molybdenum  in 
nickel.  2.''0  k.I  mol  '  ‘34j.  suggesting  that  dilfu- 
sion  of  molybdenunt  from  the  nickel-rich  crystal 
might  be  the  rate-limiting  step  for  low  tempera¬ 
ture  crystallization. 

.At  approximately  SOO  X.  the  high  tempera¬ 
ture  amoiphous  phase  crystallizes  to  form 
.\Io;NiB;  in  a  network  surrounding  the  f.c.c.  solid 
solution.  The  actuation  energy  for  crystallization 
is  .sOO  kJ  mol'  .  which  corre.sponds  to  the  sdl- 
diftusion  actis.ition  energy  for  molybdenum  35  . 
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rig,  19.  .Sample  158  ’AR  annealed  at  8(iii  ’C  for  4  h.  followed  b\  1 1()(>  X  for  2  h.  a  Faceted  .Mo;NiB;  particles  in  the  f.c.c. 
solid  solution  matrix  are  shown.  The  .selected-area  diffraction  is  in  the  1 1 4  orientation  of  the  dark-contrast  f.c.c.  solid  solution 
gram.  Long-term  thermal  e.xposure  induces  coarsening  of  the  .Mo.-NiB;  and  i.e.e.  phases  and  dissolution  of  Ni;Mo.  b  Coarsened 
r/-boride  darkeonirasi  and  defect  .Mo.NiH.  particles.  The  selected-area  dillr.iction  is  in  the  III  ..orientation. 


■4.3.  Smtaum!  stahUiiy  of  high  etu'rg\\  high  niw 
proce.s^ed  maierial 

Salient  macroscopic  features  ol  HEHR  pro- 
ce.ssed  Ni<,,,.Vl0;-,<Fe|„B,„  are  a  central  light¬ 
etching  nugget  surrounded  by  a  surface 
dark-etching  region  Fig.  3).  The  origin  of  the 
nugget  is  the  high  processing  temperature  asso¬ 
ciated  with  the  internal  material  removed  front 
the  metal  platens-electrodes.  The  nugget  region 
is  typified  by  coarse  .Vlo;NiB>.  which  correlates 
with  the  duration  of  the  high  temperature  e.vcur- 


sioii  during  processing.  The  amount  of  coarsen¬ 
ing  is  greater  for  higher  input  energy  proce.ssing. 
The  coarsening  gradient  is  diminished  by  crystal¬ 
lisation  prior  to  HEHR  proce.ssing.  The  forma¬ 
tion  of  the  nugget  probably  involves  melting  of 
the  alloy  /,„  =  1 2.5()  “C  .  On  solidification,  the 
first  phase  to  tippear  is  .VIo,NiB-.  followed  by 
mairi.v  solidification  of  the  f.c.c.  solid  solution. 

The  inheiently  'apid  consolidation  in  the 
HEHR  processing  induces  a  non-equilibrium 
state  owing  to  lack  of  time  for  the  species  to 


Fig.  20.  a.  Sample  766  ‘I:  annealed  at  650  ’C  for  20  h.  showing  fine  .Mo.NiB;  along  the  gram  boundary  with  selected-area  dif¬ 
fraction  ot  the  1 1 2  orientation.  Diffuse  I  .-O'  short-range  order  spots  are  seen.  The  si^e  of  borides  along  the  grain  boundary-  is 
eompaiable  with  that  in  the  grain,  b  Sample  827  II  annealed  at  650  T  tor  20  h.  Boride  phases  are  obsers’ed  along  a  grain 
boundary. 


diffuse  to  achieve  an  equilibrium  .state.  The  non¬ 
equilibrium  states,  usually  manifested  by  a  super- 
.saturated  .solid  .solution,  transform  into  the 
equilibrium  .state  by  precipitatitfii  of  some  second 
phase  under  an  environment  of  sulficient  temper¬ 
ature  and  time  for  atomic  transport  to  occur. 

Annealing  treatments  of  the  non-equilibrium 
structure  induced  by  HHHR  consolidation  result 
in  several  intermediate  precipitates:  Ni..\|o 
ordered  pha.se.  CuPt-type  phtise.  .\1>..C,.-I>pe 
boride  and  M..C-type  //-carbide  boride.  I  he 
same  composition  consolidated  b\  hot  Lsostatic 
pressing  or  hot  extrusitm  does  not  vhtnx  such  pre¬ 


cipitates  even  with  the  same  annealing  condition 
I  l2j.  There  are  several  variables  which  influence 
the  size  and  distribution  of  these  precipitates. 
Preheat  treatment  of  powder  before  cimsolida- 
tion  changed  the  precipitation  .sequence  signifi- 
ctmtly  as  indicated  in  Table  2.  Consolidates  from 
the  as-received  powder  generated  all  precipitates 
while,  for  con.solidtites  of  powders  partially  or 
fully  crystallized,  the  Ni-Mo  and  CuPt-type 
pha.ses  were  not  obsersed.  The  formation  of  the 
Ni-Mo  ordered  phase  in  the  HEHR  processed, 
fully  amorphffus  jn/wder  is  believed  to  arise  from 
compositional  \ariations  assisciated  with  the  first 
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crystallization  and  in  some  cases  from  the  genera¬ 
tion  of  a  dislocation  structure  in  the  f.c.c.  solid 
solution. 

5.  Summary  and  conclusions 

Amorphous  Nij^  jMo,,  jFe|„B,„  on  rapid  heat¬ 
ing  crystallizes  through  a  two-step  process.  The 
first  crystallized  phase  is  an  Ni-Mo-Fe  solid  solu¬ 
tion  and,  at  higher  temperatures,  a  second  phase, 
Mo,NiB2,  crystallizes.  The  f.c.c.  solid  solution  has 
a  primary  crystallization  mode  where  molyb¬ 
denum  interdiffusion  in  nickel  is  responsible  for 
the  kinetics  of  crystallization.  Following  the  first 
crystallization,  molybdenum  segregates  to  the 
periphery  of  the  f.c.c.  .solid  solution  crystallites. 
At  higher  temperatures,  molybdenum  and  boron 
adjacent  to  the  f.c.c.  solid  .solution  cry.stallize  to 
MoiNiBi,  forming  a  network  structure.  The 
activation  energy  of  the  second  cry.stallization 
matches  that  of  molybdenum  self  diffusion. 

A  glass  transition  from  the  molybdenum-rich 
amorphous  pha.se  was  detected  in  DSC  indepen¬ 
dent  of  the  first  crystallization.  This  is  an 
indication  that  the  Mo^NiB,  is  not  a  solid  state 
precipitation  but  a  real  product  of  the  crystalliza¬ 
tion  from  the  amorphous  phase. 

The  crystallization  sequence  of  Ni^ft  ^Moj^.o 
Fe|„B,„  is  .summarized  as  amorphous 
pha.se phase  .separation -glass  transition  of  the 
high  temperature  amorphous  pha.se -partial 
cry.stallization  (f.c.c.  solid  ,solution)-complcte 
cry.stallization  {Mo.NiB.I. 

Niv,  jMo,,  5Fe,„B,„  powders  in  the  fully  amor¬ 
phous.  partly  cry.stallized  and  fully  cry.stallized 
conditions  were  HEHR  con.solidated  to  produce 
dense,  fully  crystalline  two-phase  compacts  of 
f.c.c.  solid  .solution  and  MonNiB,.  A  nugget 
formed  in  the  middle  of  each  consolidate.  Coarse 
Mo:NiB2  was  present  inside  the  nugget  area, 
showing  a  low  hardness.  Solid  state  consolidation 
was  operative  near  the  surface  to  produce  finer 
Mo.NiB;  and  higher  hardness.  The  degree  of 
crystallinity  of  the  preproces.sed  powder  and  the 
input  energy  are  dominant  factors  for  nugget 
formation  and  the  related  hardne.ss  variation.  The 
elimination  of  the  crystallization  exotherms  by 
preconsolidation  annealing  decreased  the  nugget 
size  significantly  and  increa.sed  the  hardne.s.s. 

The  crystallizations  were  monitored  through  in 
siiii  variation  of  the  electrical  data.  During 
HEHR  consolidation  the  perturbations  on  the 
power  spectra  by  the  two  crystallizations  are 


manifest  as  distinct  peaks.  These  peaks  originate 
from  the  decrease  in  the  contact  resistance  com¬ 
ponent  of  the  total  resistance  due  to  the  increased 
contact  area  between  powders,  mid  from  specific 
intrinsic  resistivity  changes  from  first  and  second 
crystallizations  during  the  HEHR  consolidation. 

Consolidates  from  fully  amorphous  powder 
evolved  several  transition  phases  during  post- 
consolidation  annealing.  The  f.c.c.  matrix  precipi¬ 
tated  an  Ni^Mo  ordered  phase  along  with  a 
CuPt-type  sujierlattice  structure  as  transition 
phases.  As  the  transition  phases  disappeared,  an 
)/-boride  phase  formed  on  grain  boundaries  as 
one  of  the  final  phases  in  this  annealing  regime. 
Consolidates  from  ciy'stallized  powder  did  not 
evolve  NiiMo  or  CuPt-type  structures  on  anneal¬ 
ing;  only  the  »;-boride  phase  appeared. 

Acknowledgments 

The  authors  gratefully  acknowledge  Dr.  L. 
Rabenberg  and  Dr.  M.  Schmerling  for  their 
assistance  with  the  electron  microscopy.  Dr. 
Manthiram  was  instrumental  in  facilitating  the 
use  of  the  thermal  analyzer.  The  metallic  glass 
ribbon  and  powder  were  generously  provided 
by  Mr.  Derek  Raybould  of  the  Allied  Corpora¬ 
tion.  T.  A.  Aanstoos  and  J.  Allen  of  The  Univer¬ 
sity  of  Texas  Center  for  Electromechanics 
operated  the  HPG;  their  efforts  are  greatly  appre¬ 
ciated. 

This  research  was  suppe^rted  by  Defense 
Advanced  Researeh  Project  Agcncy-U..S.  Naval 
Air  Development  Center  under  Contract 
N62269-8.S-C-()222  and  Defense  Advanced 
Re.search  Project  Agency  -U.S.  Army  Research 
Office  under  Contract  DAAL()3-87-K-()()73. 


References 

1  W.  Klcmcnt.  R.  H.  Wille.ns  and  P.  Duwez.  Sature 
n.omhm).  I.S7  1 960  >869. 

2  D.  R.n>b«uld  and  A.  C.  Dicbold.  J.  Mawr.  ScL  2/ :  I986i 
19.1.  ' 

.1  A.  H.  Clauer.  R.  V.  Ruman.  R.  S.  Carbonara  and  R,  E. 
Manager,  in  R.  ,\tehrabian.  B.  H.  Rear  and  .M.  Cohen 
edv. .  /‘/ii(  2n(/  h’l  C  on',  on  Rapid  .Soiidillcaiion  Pro- 
ft'vii/n;,  I'rinaplfi  and  Taihnolo^iei.  C'laiior's  Publishing 
DiMSion.  Baion  Rouge.  L.-X.  19,80.  p.  3.19. 

4  N.  B.  Dahoirc.  C.  Wak.ide  and  K.  .Mukherjee.  in  K. 
Mukherjee  .ind  J.  Mazunidcr  ed^. .  Proc.  Coni,  on  Law 
Prou'winii  ol  \lawals,  .Meiallurgioal  Socieij  ol  .AIME. 
Warrendale.  IV\.  19S.S.  p.  101 

.1  J.  L.  .Stempin  .uul  D.  R.  Wo.\ell.  ( ..S.  Paiaii  V.’Uv.W.’. 
19.81. 


230 


6  H.  H.  Liehennan.  in  R.  Mehrabian.  B.  H.  Kear  and  M. 
■Cohen  (eds.),  Proc.Jnd  liu.  t'nnf  on  Rapid  Solidipcaiion 
Processing:  Principles  and  Technologies.  Gaitor's 
Publishing  Division.  Baton  Ro  -ee.  LA.  1 980.  p.  393. 

7  R.  Ray.  J.  Muter.  ScL.  /0 1 1 98 1 .  '2924. 

8  R.  W.  Cahn,  Annu.  Rew  Mater.  Sci.,  12  ( 1 982 )  5 1 . 

9  S.  K.  Da.s  and  D.  Raybould.  in  S.  Siecb  and  H.  Warlimont 
(eds.).  Rapidly  Quenched  .Metals,  Nurth-Holland. 
Amsterdan<.  1985.p.  1787. 

1 0  D.  Raybould.  Met.  Powder  Rep..  .iV 1 1 984)  282. 

11  S.  K.  Das.  L.  A.  Davis.  J.  R.  Y.  Wang  and  D.  Kapoor. 
Proc.  Jlid  lilt.  Conf.  on  Rapid  .Solidipcaiion  Proce.ssing: 
Principles  and  Technologies.  National  Buicau  of  Stan¬ 
dards.  Washington.  IXT.  1 982.  p.  .'.^9. 

12  S.  K.  Das.  K.  Okazaki  and  C.  M.  Adam,  Proc.  Conf.  on 
High  Temperature  Alloys:  Theory  and  l)e.sign.  Metallurgi¬ 
cal  StKicty  of  AIMB.  Warrcndalc.  PA.  1 984.  p.  45 1 . 

13  B.  C.  Giessen,  N.  M.  Madhava.  R.  J.  Murphy.  R.  Ray  and 
J.  Surette.  Metatt.  Trans.  A.  # ;  1 977)  346. 

14  J.  C.  Smith.  J.  H.  Perepezko.  D.  H.  Rasmussan  and  C.  R. 
Loper.  U.S.  Patent  42iiy).M.  1 9S ! 

15  F.  Spaepen  and  D. Turnbull.  .Vcr.  .Wew//.,  6'‘I974;563. 

16  V.  Panchanalhan.  in  B.  H.  Kear  and  B.  C,  Giessen  eds.;. 
Rapidly  SoUdiped  .Metastahle  .Materials.  .Materials 
Research  Society  .Svnip.  Proc..  \bl.  28.  Elsevier.  New 
York.  1 984.  p.  407.' 

1 7  T.  Vreeland.  Jr.  P.  Kasiraj  and  T.  J.  Ahrens,  in  B.  H.  Kear 
and  B.  C.  Giessen  eds. .  Rapidly  SoUdiped  .Metastahle 
.Maier.als.  .Materials  Research  Society  Ssmp.  Proc..  Vol. 
28.  Elsevier.  New  York.  1 984.  p.  1 39. 

1 8  P.  Kasiraj.  D.  Kostka.  T.  Vreeland.  Jr.,  and  T.  J.  Ahren.  J. 
.\on-Crysi.  .Solids.  61-62  i  1 984  967. 

19  C.  F.  Cline  and  R.  W.  Hopper.  Sir.  MeialL  II  )977' 
1137. 

20  D.  G.  Morris,  in  B.  H.  Kear  and  B.  C.  Giessen  -eds.).  Ra¬ 
pidly  Solidilied  .Metastahle  .Materials,  .Materials  Research 
.Soeieis  .Svmp  Proc..  Vol.  28.  Elsevier,  New  York.  1984. 
p.  U.S. 

21  T.  Vreeland.  Jr.  P.  Kasiraj.  .A.  II.  Mutz  .ind  N,  N. 
fhadhani.  in  L.  E.  Murr.  K.  P.  .Siaudhaininer  and  .M.  .-X. 


Meyers  (eds.).  Metallurgical  Applications  of  Shock  IVuiv 
and  High  Strain  Rate  Phenomena,  Dekker.  New  York. 
l986.Chaptefsll.l2. 

22  L.  A.  Davis.  Metallic  glasses,  in  R.  I.  Jaffee  and  B.  A. 
Wilcox  (eds.).  Fundamental  Aspects  of  .Structural  .Alloy 
Der/gn.'Plenum.  New  York.  1 977.  p.  43 1 . 

23  J.  W.  Sears.  B.  C.  Muddle  and  H.  L.  Fraser,  in  B.  H.  Kear 
and  B.  C.  Gics.sen  leds.i.  Rapidly  SoUdiped  .Metastahle 
.Materials,  .Materials  Research  Society  Symp.  Proc.,  Vol. 
28.  Elsevier.  New  York,  1 984.  p.  1 63. 

24  U.  Koster.  Microstructurc  of  panially  crystalline  metallic 
glasses,  in  P.  R.  Sahm.  H.  Jones  and  C.  M.  .Adam  leds... 
Science  and  Technology  of  the  Undercooled  .Melt, 
Martinus  Nijhoff.  Dordrecht.  1 986.  p.  258. 

25  H.  L.  Marcus.  D.  L.  Bourell.  Z.  Eliezer.  C.  Per.s.id  and 
W.  F)  Weldon.  J.  .Met..  39 1 1 987)  6. 

26  J.  B.  Walter  and  T.  A.  Anstoos.  .Met.  Prog..  I27i  1 985  25. 

27  R.  E.  W.  Casselton  and  W.  Hume-Rothery.  J.  Less- 
Common  .Met..  7 ‘  1 964 1212. 

28  H.  E.  Kissinger.  J.  Res.  Sail.  Bur.  Stand..  57(  1 956 .217. 

29  C.  S.  Barrett  and  T.  B.  Massalski.  Structure  of  .Metals. 
.McGraw-Hill.  New  York.  1966.  Chapter  1 1. 

30  J.  K.  Lai.  D.  J.  Chastell  and  P.  E.  J.  Flewitt.  in  H. 
Aaronson.  D.  E.  Laughlin.  R.  F.  Sekerka  and  C.  .M. 
W'avman  (eds.;.  Proc.  Int.  Conf  on  Solid-Solid  Phase 
Transformations.  Metallurgical  Society  of  .AIME. 
Warrendale.  P.A.  1982.  p.  781. 

31  H.  J.  Goldschmidt.  Interstitial  .Alloys.  Plenum.  New  York. 
1 967,  Chapter  3. 

32  G.  Geoffroy.  F.  Duflos  and  A.  Lasalmonie.  in  B.  H.  Kear 
and  B.  C.  Giessen  eds...  Rapidly  SoUdiped  .Metastahle 
Materials.  .Materials  Research  Satiety  Symp.  Proc..  \bl. 
28.  Elsevier.  New  York.  1 984.  p.  295. 

33  Y.  W.  Kim.  L.  Rabenberg  and  D.  L.  Bourell.  J.  Mater. 
/?e4...fi6ol988  13.36. 

34  S  D.  Gertsriken.  I.  Ya.  Dekhtyar  and  V.  S.  .Mikhalenov. 
Metalliirgtya  i  Metalhnedeme.  Akademii  Nauk  S.S.S.R.. 
Moscow.  1 958.  p.  279. 

35  J.  .Askill  and  D.  H.  Ibmlin. /VhVos.  AA/g..  <V  ■  1 963  997. 


231 


APPENDIX  F 


ELECTROTRIBOLOGY 


F-1.  Composite  Solid  Armatures  for  Railguns 


F-2.  Composite  Solid  Armature  Consolidation  by 
Pulse  Power  Processing:  A  Novel  Homopolar 
Generator  Application  in  EML  Technology 


F-3.  Wear  of  Conductors  in  Railguns: 
Metallurgical  Aspects 


F-4.  Nanosized  Structures  in  Cu-W-WC-C 
Composites  for  Electrotribological 
Applications 


232 


COMPOSITE  SOLID  ARMATURES  FOR  RAILGUNS 
C.  J.  Lund^,  C.  Pcrsad^,  Z.  Eliczer^  D.  Peterson^,  J,  Hahne^ 


^The  University  of  Texas  at  Austin 
Center  for  Materials  Science  and  Engineering 
Austin,  TX  78712 

^The  University  of  Texas  at  Austin 
Center  for  Electromechanics 
Austin,  TX  78758 


ABSTRACT 

Solid  armatures  used  for  electromagnetic  launchers  may  be 
considered  as  single-duty  high  speed  sliding  contacts.  The 
design  and  fabrication  of  these  are  the  subject  of  an  ongoing 
research  program  at  The  University  of  Texas  at  Austin. 
Highly  time  dependent  conditions  at  the  high-velocity  (> 
Ikm/s),  high  current  density  (>  10^  A/cm^)  sliding  interface 
are  characteristic  of  the  operation  of  *hese  armatures.  In 
railguns,  the  residue  left  by  the  traveling  armature  influnces 
the  multi-shot  performance  possibilities,  making  an 
understanding  of  wear  phenomena  crucial. 

Wear  phenomena  arc  described  for  three  multi-leaf  graded 
resistance  armatures.  These  armatures  were  comprised  of 
Cu-Mo-Ti  (6-4),  Cu-Mo-Ti  (CP),  and  Cu-Al-Ti  (CP).  Each 
of  these  armatures  were  sliding  against  flame  sprayed 
molybdenum.(Mo)  on  copper  (Cu)  rails. 

For  a  sucessful  railgun  shot,  the  bore  dimensions  must  be 
maintained  within  close  tolerences.  Through  an 
understanding  of  the  wear  mechanisms  occuring  during  a 
railgun  shot,  the  wear  rate  of  the  sliding  couple  can  be 
reduced.  A  reduction  of  the  wear  products  coul'd  make  the 
multi-shot  armature  railgun  a  reality.  At  present,  wear  debris 
makes  reconditioning  of  the  bore  a  necessity  after  only  a  few 
shots. 
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INTRODUCTION 


Before  railgun  technology  develops  its  full  potential,  several  problems  must  be 
confronted.  One  of  the  most  perplexing  is  the  problem  associated  with  the  rail-armature 
sliding  couple.  The  armature  may  be  considered  as  a  single-duty  high-speed  sliding 
electrical  contact.  However,  even  as  a  single-duty  unit,  the  wear  and  subsequent  wear 
products  associated  with  the  sliding  couple  must  be  minimized.  Wear  products  alter  the 
bore  dimensions  and  render  insulators  ineffective.  This  reduces  the  operating  efficiency  of 
the  gun.  The  wear  process  necessitates  the  reflnishing  of  the  bore  to  remove  metallic  wear 
products  from  the  insulators,  restore  uniform  bore  dimensions,  and  custom  fitting  of  an 
armature  to  the  new  dimensions.  The  design  and  fabrication  of  these  armatures  to  reduce 
wear  and  increase  performance  are  the  subject  of  an  ongoing  research  program  at  The 
University  of  Texas  at  Austin. 

SOLID.  ASM  AILIRES 

The  primary  goal  of  an  armature  in  a  railgun  is  to  propel  a  projectile.  The  solid 
armature  propels  the  projectile  through  direct  mechanical  stresses.  The  armature  is 
subjected  to  high  current  densities  (  >105  A/cm^  ),  high  mechanical  stress  and  severe 
resistive  heating.  The  solid  armature,  as  opposed  to  a  non-solid  armature,  possesses  many 
desirable  attributes.  The  armature-projectile  pair  can  be  integrated  into  one  unit.  Solid 
armatures  have  been  predicted  to  be  more  efficient  at  velocities  less  than  10  km/s.  They 
also  have  shown  lower  rail  wear  than  non-solid  armatures.  Finally,  their  behavior  is 
intrinsically  easier  to  model  than  non-solid  armatures.^  They  can,  however,  develop  into 
non-solid  (hybrid)  type  armatures  through  the  wear  process  at  the  sliding  interface. 
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The  wear  process  associated  with  the  sliding  couple  limits  the  multi-shot  potential 
of  the  railgun.  Two  processes  have  been  proposed  as  major  contributors  to  the  wear 
process.  They  are  pulsed  joule  heating  and  arc  erosion.  Abrasive  wear,  adhesive  wear, 
fatigue  wear,  and  erosion  are  mechanisms  that  manifest  themselves  as  a  result  of  these  two 
processes.  Pulsed  joule  heating  is  sometimes  referred  to  as  the  skin  effect  because  a  fast 
rising  current  pulse  travels  in  a  region  close  to  the  surface  of  a  conductor.  The  skin  effect 
has  been  shown  to  result  in  surface  melting  and  resolidification.^  Arc  erosion  results  from 
electrical  arcing.  The  arc  strikes  from  the  rail  to  a  conductor  causing  material  vaporization 
and  subsequent  condensation.  It  has  been  reported  that  the  function  between  arc  distance 
and  severity  is  an  inverse  relationship.^ 


The  rise  in  temperature  due  to  thermal  loading  has  been  believed  to  limit  the 
armature  performance.  Therefore,  parameters  such  as  density,  heat  capacity,  and  resistivity 
have  been  grouped  to  form  what  is  called  an  action  constant.  The  action  constant,  g,  is  a 
measure  of  the  loading  that  an  armature  can  sustain  without  melting.  Barber  defines  the 
action  constant  as 

dt 

and  goes  into  detail  deriving  an  equation  for  minimum  mass.^  Although  thermal  loading  is 
by  far  the  most  critical.  Barber  also  presents  data  lot  -'mperature  rise  associated  with 
velocity,  current  density,  and  pressure.  Barber's  underlying  assumption  for  minimum 


mass  is  that  the  current  carrying  cross  section  carries  a  uniform  cuirent  density.  The 
velocity  skin  effect  negates  this  assumption.  The  velocity  skin  effect  states  that  all  of  the 
current  will  flow  in  the  rear  of  the  armature  when  the  armature  is  moving'.  There  are  two 
options  to  control  the  velocity  skin  effect.  The  first  is  varying  the  material  resistivity  and 
the  second  is  varying  the  size  of  the  conductors.^  Both  in  essence  make  the  rear  of  the 
armature  more  resistive  and  force  the  current  to  flow  forward  of  the  rear  of  the  armature.^ 


EXPERIMENTAL; 


Preliminary  studies  were  conducted  using  a  one  meter  long,  12.5  mm  x  12.5  mm  square 
closed  bore  railgun  (Figure  1).  The  railgun  was  connected  to  10  discharge  capacitance 
banks  with  a  total  available  energy  of  600  kJ.  These  banks  can  be  charge  to  the  desired 
energy  level  and  fired  in  a  predetermined  sequence.  The  firing  sequence  is  based  upon  a 
calculated  desirable  acceleration  profile.  The  rail  material  was  flame  sprayed  molybdenum 
on  ETP  copper.  The  molybdenum  was  used  because  it  was  believed  to  possess  desirable 
physical  properties  and  resistance  to  arc  erosion.^  The  armature  sliding  against  the  rails 
was  composed  of  chevrons  of  3  different  materials  (Figure  2).  The  most  resistive  material 
was  at  the  rear  of  the  armature.  The  least  resistive  was  at  the  front.  The  three  armatures 
tested  were  as  follows: 

Armature  Materials 

Cu-Mo-Ti(6-4) 

Cu-Mo-Ti(CP) 

Cu-Al-Ti(CP) 

The  "graded  resistance"  design  of  the  armatures  was  used  to  force  a  more  uniform  current 
distribution  in  the  armature  during  flight.  The  design  used  an  interference  fit  of  up  to  0.508 


Resistances  (microhm-cm) 

1.67  -5.20  -  170.0 
1.67  -5.20-  24.1 
1.67-  2.65  -  24.1 
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2:  Armature  Design. 
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mm  to  ensure  contact  of  the  armature  to  the  rails.  For  solid  armatures  contact  to  the  rails  is 
of  primary  importance.  If  the  interference  fit  is  minimal  and  the  armature  loses  contact  with 
the  rails,  severe  arc  damage  results.  If  the  interference  fit  is  too  large  the  armature  may 
weld  to  the  rails.  The  design  also  incorporates  the  "leaves"  of  the  armature  shaped  in  the 
form  of  a  "C".  An  armature  with  square  edges  at  the  rail/armature  interface  will  cause  the 
current  to  be  concentrated  there,  resulting  in  severe  heating  and  possible  local  material 
removal.® 

results 

The  experiments  were  conducted  using  a  bolted  armature  and  flame  sprayed 
molybdenum  on  copper  rails.  The  molybdenum  coating  was  1.016  mm  thick.  The  first 
armature,  Cu-Mo-Ti(6-4)  had  a  0.508  mm  interference  fit.  The  projectile  broke  apart  inside 
of  the  gun  and  the  recovered  pieces  were  studied.  The  following  can  be  observed.  The 
copper  leaves  show  abrasive  wear  tracks  suggesting  thermal  softening  of  the  material. 
(Figure  3,  top)  The  molybdenum  leaves  show  extensive  damage.  Melted  and  resolidified 
droplets  of  molybdenum  appear  on  the  surface  of  the  trailing  titanium  leaves.  (Figure  3, 
bottom)  There  is  some  evidence  of  melting  of  the  molybdenum  leaves,  possibly  due  to  a 
premotion  microwelding  of  the  molybdenum  leaves  to  the  molybdenum  rail  coating  (Figure 
3,  middle).  The  titanium  leaves  do  not  show  any  evidence  of  damage.  Heavy  debris 
accumulation  suggests  that  these  leaves  acted  as  a  mechanical  scavenging  device . 

The  bolt  connecting  the  leaves  together  was  the  only  part  of  the  armature  to  become 
accelerated  out  of  the  bore  of  the  gun.  It  was  hypothesized  that  the  titanium  was  too 
resistive  and  the  current  never  flowed  in  it.  Because  there  was  not  current  flow  in  them 
they  were  not  being  accelerated  and  resulted  in  the  armature  being  pulled  apart. 
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Figure  3:  Wear  Surfaces  of  Copper.  Molybdenum,  and  Titanium. 
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The  second  armature,  Cu-Mo-Ti(CP),  was  used  as  an  improvement  over  the  first. 
By  changing  only  the  type  of  titanium  (to  a  lower  resistivity)  and  reducing  the  interference 
fit  to  0.254  mm  a  comparison  could  be  drawn.  The  second  armature  behaved  identically  as 
the  first.  The  bolt  was  again  accelerated  out  of  the  railgun,  leaving  behind  the  material  that 
it  held  together. 

The  last  experiment  of  the  "graded  resistance"  armatures  was  one  that  changed  the 
strength  of  the  bolt  and  substituted  aluminum  for  molybdenum.  The  bolt  was  changed 
because  the  armature  was  believed  to  be  breaking  apart  due  to  the  failure  of  the  bolt  and  the 
molybdenum  was  changed  to  alleviate  the  microwelding  problems.  The  interference  was 
reduced  to  0.01905  mm.  The  minimal  interference  fit  was  used  to  reduce  inhibition  to 
movement,  but  led  to  the  melting  of  the  armature  due  to  severe  arc  damage.  Debris  inside 
of  the  bore  was  recovered  and  examined.  Also,  armature  fragments  were  recovered  outside 
of  the  gun  and  observed. 

Some  of  the  features  common  to  all  of  the  "graded  resistance"  armatures  is  severe 
wear  of  the  molybdenum  coating  corresponding  to  the  at  rest  position  of  the  armature, 
failure  of  the  bolt  due  to  thermal  loading,  and  unacceptable  oxidation  formation  of  the 
molybdenum  rail  coating  exposed  to  the  atmosphere.  It  was  decided  that  the  best  way  to 
tackle  these  problems  was  to  use  an  annature  that  did  not  need  to  be  bolted  together  and  to 
eliminate  the  molybdenum  coating  and  use  plain  ETP  copper  rails. 

ARMATURE  DEVELOPMENT 

Due  to  the  findings  of  the  previously  described  experiments,  two  items  become 
important  with  respect  to  the  design  of  the  armature.  First,  the  armature  must  remain  in 
contact  with  the  bore  of  the  gun.  Second,  the  armature  should  not  rely  on  the  mechanical 
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bonding  of  the  different  materials  together.  Another  concept  that  still  held  favor  was  the 
idea  of  graded  resistance.  Two  such  graded  resistance  armatures  are  under  development  at 
The  University  of  Texas.  The  Hist  is  the  "c(Mitact  assured"  armature  that  varies  the  number 
of  conductors  to  grade  the  resistance  and  the  second  is  a  metal-ceramic  composite 
composition  of  which  is  continuously  varied  to  achieve  a  graded  resistance. 

The  contact-assured  armature  is  produced  by  inter-leaving  a  tungsten  mesh  between 
copper  foils.  The  schematic  geometry  is  shown  in  Figure  4.  As  shown,  the  interflber 
spacing  is  dictated  by  the  weave  of  the  mesh  material.  The  inter-weave  spacing  can  be 
varied  to  any  distance  needed.  Varying  the  inter-weave  spacing  allows  the  resistance  to 
vary  continuously  from  the  back  to  the  front  of  the  armature.  The  tungsten  mesh  is  a  60  x 
60  mesh  with  a  fiber  diameter  of  0.0508  mm.  This  stack  up  of  materials  has  been 
consolidated  using  a  homopolar  generator  in  conjunction  with  a  consolidation  press  fixture. 
The  homopolar  generator  passes  a  large  current  through  the  material.  The  copper  softens 
and  flows  around  the  tungsten  fibers  forming  a  solid  piece  of  material.  The  material  system 

9. 

of  copper  and  tungsten  was  chosen  because  of  the  absence  of  copper-tungsten 
intermetallics  and  the  favorable  physical  properties  of  copper.  After  the  material  is 
consolidated,  the  faces  in  contact  with  the  rails  are  etched  to  reveal  the  fibers.  A  five 
minute  nitric  acid  etch  was  used  to  remove  the  copper  and  expose  the  fibers.  Varying  the 
etchant  time  allows  more  or  less  fiber  to  be  exposed.  The  exposed  fibers  are  the 
mechanism  assuring  the  contact  to  the  rail  material.  Figure  5  shows  such  an  exposed 
sliding  surface. 

The  second  solid  armature  under  development  is  a  combination  of  metal  and 
ceramic.  The  metal  is  aluminum  and  the  ceramic  is  alumina.  The  original  form  of  the 
materials  is  a  powder.  By  mixing  different  percentages  of  alumina  into  aluminum  and 
layering  the  blended  powders,  a  solid  piece  of  material  can  be  processed.  Again  the 
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Figure  4:  Foil  and  Mesh  Combination 
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Figure  5:  Copper  and  Tungsten  Consolidation 


mechanism  of  consolidation  is  the  homopolar  generator  and  consolidation  press  fixture. 
The  combination  of  a  low  and  high  melting  temperature  material  allows  the  aluminum  to 
soften  and  flow  without  affecting  the  ceramic.  This  solid  piece  of  material  would  have  to 
be  machined  into  a  leaf  design  incorporating  an  interference  fit.  Preliminary  proof-of- 
principle  experiments  have  indicated  that  both  these  approaches  have  the  potential  to 
produce  graded  resistance  composite  solid  armatures. 
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ABSTRACT 

jgiM  of  the  desirable  characteristics  for  the 
^id  armatures  used  in  railguns  appear 
feasible  through  the  use  of  composite 
eeterials.  Graded  electrical  resistance,  and 
essured  sliding  contact  are  among  these 
eliaracteristics .  Metal-metal,  metal-ceramic, 
end  metal-polymer  composites  are  generic  types 
ef  potential  solid  armature  materials, 
copper-tungsten  and  aluminum-alumina  are 
'  composite  systems,  of  the  metal-metal 

■  ,nd  metal-ceramic  types  respectively,  which 
l^ve  been  employed  in  the  demonstration  of  the 
versatility  of  the  Homopolar  Generator  as  a 
naterials  processing  tool  for  composites, 
powder  metallurgy  and  laminate  bonding 
epproaches  have  been  utilized.  In  conventional 
processing,  energy  deposition  is  prolonged  and 
(be  bulk  heating  which  results  often  destroys 
(be  structural  and  chemical  integrity  of  the 
starting  materials.  Composite  solid  armature 
naterials  have  been  consolidated  with 
subsecond  high  temperature  exposure. 
Densiflcation  in  the  solid  state  proceeds  by  a 
«arm/hot  forging  mechanism  and  fully  dense 
composites  are  obtained  by  a  combined 
application  of  pressure  and  a  controlled  energy 
input . 


IMTRODDCTIQII 


Performance  evaluation  of  railguns  depends  on 
availability  of  suitable  solid  armatures.  Rail'/ 
armature  combinations  which  promote  efficient 
energy  transfer  also  minimize  bore  damage.  Less 
flexibility  exists  in  the  choice  of  rail 
materials  than  in  armatures.  In  the  search  for 
optimum  performance,  it  is  therefore  logical  to 
focus  on  alternative  armature  designs,  and  on 
met'nods  for  their  processing  and  fabrication. 

A  broad-based,  integrated  approach  to  solid 
armature  development  has  evolved  over  the  last 
several  years.  At  the  Center  for 
Electromechanics  at  the  University  of  Texas 
(CEM-UT) ,  predictive  electrothermal  models  have 
been  developed  and  successfully  applied  to 
actual  armature  performance.  The  models  have 
confirmed  the  desirability  of  conductivity 
grading  for  improving  the  current  distribution 
within  these  ultrahigh  speed,  variably-loaded 
sliding  contacts.  The  requirements  can  probably 
best  be  met  by  composite  armatures. 

The  underlying  concepts  have  been  tested  in  a 
series  of  preliminary  experiments  {!].  These 
experiments  employed  a  macro-composite  solid 
armature  constructed  of  leaves  of  materials 
with  different  electrical  conductivities. 
Subsequently,  fabrication  techniques  for  a 
more  controlled  and  customized  grading  of 
electrical  conductivity  were  proposed.  Solid 


armatures  from  powder-based  metal-ceramic 
microcon^osites,  and  from  metal-metal  laminar 
composites  were  candidates. 

Such  composites  have  been  produced  by  a  novel 
experimental  approach  which  employs  a 
homopolar  generator  in  a  pulse-powered 
materials  consolidation  system.  The  feasibility 
of  this  approach  has  been  demonstrated  for  a 
-wide  variety  of  engineering  materials  [2,3].  A 
relevant  composite  system  is  the  binderless 
copper-graphite  composite  brush  material,  which 
shows  application  potential  for  high-speed, 
high-current  duty  [4,51. 


F.XPF.RTMENTAT.  PROCEDURE  . 


The  Consolidation  Process 

Figure  1  shows  the  schematic  tooling 
configuration  of  the  consolidation  process. 
A  10  MJ  homopolar  generator  dedicated  to 
industrial  applications  was  the  pulsed  power 
source  used,  in  conjunction  with  a  modified  100 
ton  vertical  axis  hydraulic  press.  The 
operating  characteristics  of  the  HPG  as  a 
powder  processing  tool  are  described  elsewhere 
[21. 

For  the  powder-based  metal-ceramic  composite 
consolidation,  powders  were  mechanically  mixed 
in  batches,  with  ceramic  mass  fractions  of  1% 
to  10%.  Predetermined  amounts  of  each  batch 
were  loaded  into  the  cavity  of  the  die  to 
produce  an  eleven  layer  stack  with  graded 
composition  (0%  to  10%  ceramic  mass  fraction) . 
The  insulated  die  cavity  was  lined  with  a 
dense  alumina  tube  with  an  inner  diameter  of  50 
non* 

The  laminar  copper-tungsten  composite  was 
constructed  from  copper  foils  and  tungsten 
mesh.  These  materials  were  stacked  such  that 
the  controlled  variation  in  spacing  between  the 
exposed  tungsten  fibers  in  the  consolidated 
composite  would  yield  a  graded  electrical 
resistivity.  The  concept  is  illustrated  in 
Figure  2, 

The  dies  and  starting  materials  were  initially 
at  ambient  temperature.  Consolidation  was 
performed  in  laboratory  air.  For 

consolidations  performed  at  pressures  i  300  MPa 
(  45  ksi  ),  copper  electrode/plungers  were  used 
for  energy /pressure  transfer  to  the 
precursors.  For  pressures  >  300  MPa  (  45  ksi  ) 
AISl  416  stainless  steel  electrodes  were 
employed. 

After  compacting  the  precursors  to  a  desired 
pressure,  the  large  current  pulse  was  used  to 
heat  and  consolidate  the  composite  material. 
Following  the  discharge,  the  pressure  was 


247 


m 


i 


t 


Figure  1.  Schematic  of  the  arrangement  of  the  HP6  powered 
consolidation  apparatus. 


maintained  for  a  holding  period/  permitting 
conductive  heat  transfer  through  the  plungers 
to  massive  copper  platens.  The  die  was  then 
unloaded  and  the  consolidated  compact  was 
ejected. 


The  voltage  drop  across  the  compact  and  the 
magnitude  of  the  current  were  recorded  during 
the  pulse.  The  product  of  these  values  was 
used  to  obtain  the  power  during  the  pulse.  The 
power  was  numerically  integrated  to  produce 
the  total  energy  input  to  the  specimen. 
Division  of  the  total  energy  input  by  the  mass 
consolidated  yields  the  specific  energy  input 
(SEl)  in  units  of  J/g.  A  set  of  curves  for  a 
copper-tungsten  consolidation  are  shown  in 
Figure  3. 


Evaluation 

Microstructure  and  density  measurements  were 
used  in  the  preliminary  evaluation  of  these 
composites.  The  consolidated  composite 
materials  were  sectioned  in  the  radial 
direction/  metallographically  prepared/  and 
then  examined  by  scanning  electron  microscopy. 

ppgfTT.Tg  twn  nisrussiQN 


mrrnatructures 

Highly  dense  microstructures  were  observed 
throughout  the  cross-sections  of  the 
consolidated  composite  materials  examined  by 
SEM  as  shown  in  Figure  A  for  the 
copper-tungsten  composite.  Excellent  conformity 
between  copper  and  tungsten  indicates  the 
potential  for  a  highly  conductive  interface.  An 
etched  cross  section  is  shown  at  three 
magnifications  in  Figure  4  (a)/  (b)/  and  (c) . 
Figure  4  (c)  also  Indicates  the  retention  of 
the  interfiber  spacing  of  the  starting 
material. For  both  material  systems/  densities 
greater  than  95%  of  theoretical  were  achieved 
in  the  preliminary  experiments. 


Alternative  Brecuraora 

One  potential  difficulty  with  these  materials 
in  high  speed  sliding  duty  is  the  relatively 
large  scale  of  the  constituents.  The  apparent 
sliding  contact  behavior/  fn  which  5-20  point 
contacts  actively  carry  current  at  any  instant 
(6)/  suggests  that  more  finely  dispersed 
structures  may  produce  better  performance. 
Furthermore/  in  the  refractory-metal  skeleton 
systems/  such  as  copper-infiltrated  tungstem 
where  the  vaporization  of  the  infiltrant 
effectively  controls  wear/  the  need  is  for  many! 
micro-islands  of  tungsten  each  surrounded  by 
copper. 

These  difficulties  may  be  resolved  by  th* 
adoption  of  novel  materials  engineerin! 
approaches.  For  the  refractory-metal-based 
systems,  the  ultrafine  filamentary  composites 
described  by  Bevk  17)  is  an  attractivs 
technical  alternative.  These  materials  ar« 
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Figure  2.  Schematic  showing  the  interleavii 
concept  applied  to  the  copper  foil/  tungst' 
weave  composite  starting  materials. 
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liaracterized  by  dense  and  uniform  dispersions 
|0*  to  lO'Vcm*)  of  fine  filaments  <5  to  100  nm 
nick) •  In  this  approach  a  powder  metallurgy 
goduct  may  be  used  as  the  starting  material, 
jiis  material  is  deformation-processed  by 
'^^lling#  swaging,  drawing,  or  extrusion  to  very 
strains  until  the  in-situ  formed 
%?|ilaments  are  sufficiently  small. 


pother  approach  to  microstructural  refinement 
js  to  derive  the  metal  powder  blend  from  the 
reduction  of  a  complex  metal  oxide  precursor, 
suitable  copper  tungstates  and  copper 
for  this  purpose  have  been 
identified.  The  challenge  is  then  to 
consolidate  these  finely  distributed, 
liomogeneous  powder  blends  into  useful  forras 
without  structural  coarsening.  This  is  a  task 
fo  which  the  high-energy  high-rate 
consolidation  processing  may  be  well  matched. 


in  the  case  of  the  aluminum-alumina  system,  two 
alternative  approaches  may  be  taken  to 
distribution  of  the  alumina  in  the  metal 
natrix.  One  is  by  heat  treatment  of 
air-atomized  powder  particles  after  compaction 
to  intermediate  densities  (*<85%) .  This  leads  t 
spheroidization  of  the  alumina  in  a  continuous 
aluminum  matrix,  which  can  then  be  consolidated 
to  full  density.  The  second  approach  is  by 
mechanical  alloying.  The  continuous  welding  and 
fracturing  of  an  aluminum  powder  assemblage, 
and  the  rapid  oxidation  of  the 
freshly-fractured  surfaces  leads  to  a  fine  and 
uniform  dispersion  of  the  alumina  (8J.  These 
composite  powder  particles  could  then  be 
consolidation  processed  into  desired  shapes. 


Metal-DQlvmer  composites 

The  widespread  use  of  polycarbonate  cubes  as 
the  accelerated  load  in  plasma-driven  railguns 
indicates  the  survival  potential  of 
polmer-on-metal  sliding  couples  in  the 
hypervelocity  regime.  Recent  advances  in 
conducting  polymers  raise  the  question  of  the 
potential  benefit  of  the  incorporation  of  such 
materials  into  solid  armatures.  It  has  been 
reported  that  on  a  mass  basis  a  new, 
iodine-doped  polyacetylene  polymer  is  as 
conductive  as  copper.  More  recently,  Lockheed 
has  developed  the  polyanilines  which  in  large 
scale  production  may  be  dol lar-a-pound 
material.  These  materials  are  claimed  to  be 
less  difficult  to  process  than  other  conducting 
polymers  and  they  do  not  ignite  upon  exposure 
to  air  [9) , 

The  potential  exists  to  incorporate  these 
advances  in  polymer  technology  into  the 
development  of  a  composite  solid  armature 
design  which  matches  the  high-speed, 
high-current  duty  demanded  of  these  components. 
One  approach  may  be  the  use  of  a  tubular 
skeleton  made  of  a  fine  tungsten  powder, 
infiltrated  with  a  suitable  conducting  polymer 
and  fitted  over  an  aluminum  or  aluminum-alumina 
composite  core.  Such  an  arrangement  takes 
advantage  of  the  tribological  and  conducting 
properties  of  the  polymer,  the  high  melting 
temperature  of  the  tungsten,  and  the  low  mass 
of  the  core.  Other  interesting  possibilities 
exist  for  grading  the  mechanical,  electrical 
and  tribological  properties  in  the  radial  and 
longitudinal  direction. 


Figure  3.  Current,  power  and  total 
consolidation  energy  waveforms  applied  to  the 
copper  foil/  tungsten  weave  composite  starting 
materials . 


1  mm  300  |im  100  jam 


Figure  4.  Scanning  electron  micrographs  at  (a) 
low  (b)  intermediate  and  (c)  high  magnification 
of  an  etched  cross  section  of  a  copper  foil/ 
tungsten  weave  based  planar  composite. 
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sumARY 


Some  of  the  desirable  characteristics  for  the 
solid  armatures  used  in  railguns  appear 
feasible  through  the  use  of  composite 
materials.  Graded  electrical  resistance,  and 
assured  sliding  contact  are  among  these 
characteristics.  Metal-metal,  metal-ceramic, 
and  metal-polymer  composites  are  generic  types 
of  potential  solid  armature  materials. 
Copper-tungsten  and  aluminum-alumina  are 
example  composite  systems,  of  the  metal-metal 
and  metal-ceramic  types  respectively,  which 
have  been  enployed  in  the  demonstration  of  the 
versatility  of  the  Homopolar  Generator  as  a 
materials  processing  tool  for  composites. 
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ABSTRACT 


The  wear  of  meullic  rail  conductors  influences  the  performance  of 
electromagnetic  railguns  in  which  initially  solid  armatures  (sliding 
electrical  contacts)  are  accelerated  to  high  velocities.  and  Hne 
liquid  droplets  formed  at  the  armature/rail  interface  reduce  the 
multishot  operating  efficiency  .The  experimental  focus  in  this  study 
was  the  analysis  of  wear  debris  generatedby  an  aluminum  alloy 
armature  sliding  on  copper  rails.  Ibe  experimental  parameters  were 
set  to  maximize  armature  velocity.  Preliminary  rail  and  armature 
wear  observations  were  documented  as  part  of  a  daubase  for  solid 
armature  development.  A  variety  of  debris  collection  and 
characterization  approaches  were  used.  Both  in-bore  debris  and 
muzzle-  exit  debris  were  collected  for  size  and  chemical  analysis. 
Debris  constituents  were  copper  rich  and  the  compound  Cu,Al4 

was  observed  in  the  splat-<)uenched  muzzle  debris.  The  approach 
and  method  are  detailra  to  indicate  the  potential  of  wear  studies  in 
defining  the  activity  at  the  sliding  interface.  Some  implications  of 
rail  surface  roughening  on  zero  wear  measurements  are  also 
discussed  and  the  adoption  wear  mechanism  maps  is  proposed. 

INTRODUCTION 


Wear  processes  which  occur  in  railguns  are  characteristic  of  sliding 
electrical  contacts  [  1 ,?.].  These  processes  are  complex  and  appear  to 
be  system  specific.  From  a  metallurgical  viewpoint  it  is  interesting 
to  view  a  high-speed  solid  armature  as  a  vehicle  for  surface 
modification  of  rails.  Such  an  approach  is  potentially  important  for 
predicting  performance  in  the  multi-shot  operating  environment 
where  successive  changes  in  the  surface  state  and  chemis^  of  the 
rails  can  drastically  alter  the  mode  in  which  the  current  is  distributed 
in  the  near-surface  regions.  This  in  turn  changes  the  coupling  into 
the  solid  sliding  armature. 

When  a  particular  armaturc/rail  couple  is  subjected  to  an 
electro-thermo-mechanical  loading  spectrum  the  metallurgical 
response  is  only  qualitatively  predictable  based  upon  enlightened 
empiricism.  The  difficulties  associated  with  more  precise 
predictions  are  evident  when  the  range  of  contributing  phenomena 
is  considered.  Important  metallurgical  effects  include  alloy 
formation  due  to  elevated  temperatures  developed  at  the  sliding 

251 


interface  between  dissimilar  material  pairs;  material  exchange 
between  the  armature  and  the  rail;  chemical  reactions  between  the 
environment  and  the  freshly  re-exposed  rail  surfaces;  and  the 
embedding  of  debris  produced  in  the  forward  section  of  the  solid 
armature  and  pushed  into  the  softened  rail  surface  by  the  high 
pressures  in  the  rear  section.  Muzzle  arc  debris  produced  at 
armature  exit  further  complicates  the  metallurgical  analysis. 

The  temperature  and  pressure  changes  at  the  sliding  interface  are 
panicularly  important  to  armature  performance.  Pressure  effects 
originate  in  mechanical  preload  and  in  magnetic  pressure.  The 
temperature  effects  have  ban  analyzed  by  Kuhlmann-Wilsdorf  [1]. 
Pressure  effects  have  been  included  in  the  analysis  by  Ross  eL  al. 
(71- 

The  flash  temperature  solutions  proposed  by  Kuhlmann-Wilsdorf 
allow  heat  evolution  at  contact  spots.  Joule  bating  is  assumed  to  be 
velocity-independent,  while  friction  heat  is  proportional  to  the 
relative  velocity.  Contributions  to  Joule  heating  include  film 
resistance  heating  and  constriction  resistance  heating.  Qualitative 
accomodation  of  the  continuous  quenching  of  the  armature  slider  by 
cold  rails  make  these  temperature  predictions  upper-bound 
solutions. 

The  dynamic  friction  force  calculations  of  Ross  et  al.  are  translated 
into  friction  coefficients  (p)  through  constant  normal  contact  force 
Copper  -on  -copper  sliding  at  up  to  0.20  km/s  yields  a  nearly  linear 
drop  in  p  from  0.40  to  0.10  (2].  These  coefficients  are  low  at 
velocities  >  0. 10  km/s.  Uncertainties  in  the  value  of  the  inductance 
per  unit  length,  L'  (assumed  constant),  and  in  contact  force  (also 
assumed  constant)  are  suggested  reasons  for  the  low  values. 

These  reviews  indicate  that  existing  quantitative  predictive  models 
are  still  incomplete.  A  single  parameter  predictor  such  as  interface 
temperanire  remains  attractive.  The  difficulty  lies  in  ascertaining  the 
contributions  of  each  of  the  multiple  and  coupled  heat-generating 
sources.  Potentially  more  difficult  is  the  prediction  of  the  conditions 
where  impact-generated  stresses  and  consequent  localized  energy 
absorbtion  can  push  the  temperatures  sufficiently  high  to  cause 
solid-to-hybrid  conversion  of  armatures.  It  is  apparent  that  bore 
smoothness,  bore  straightness,  and  bore  stiffness  concepts  being 
incorporated  into  the  present  generation  of  EM  guns  may  contribute 
to  extended  bore  life  by  reducing  or  eliminating  some  of  the  sources 
of  impact-generated  stresses. 


In  this  paper,  we  focus  upon  wear  debris  analysis  for  a  monolithic 
■'luminum  alloy  armature  sliding  between  ETP  (electolytic  tough 
pitch)  copper  rails.  The  experimental  parameters  were  set  to 
maximize  armature  velocity.  Preliminary  rail  and  armature  wear 
observations  were  documented  as  part  of  a  database  for  solid 
armature  development.  A  variety  of  debris  collection  and 
characterization  approaches  were  used.  Both  in-bore  debris  and 
muzzle-  exit  debris  were  collected  for  size  and  chemical  analysis. 
The  approach  and  method  are  detailed  to  indicate  the  potential  of 
wear  studies  in  defining  the  activity  at  the  sliding  interface.Some 
implications  of  rail  surface  roughening  on  zero  wear  measurements 
ate  also  discussed  and  the  adoption  of  wear  mechanism  maps  is 
proposed. 


EXPERIMENTAL  APPROACH 


EML  System 

Details  of  the  7050  aluminum  alloy  'fishbone'  solid  armature  and  of 
the  Im  long,  12.7  mm  square  bore  railgun  used  for  solid  armature 
development  are  given  by  Price  et.  al.  [3].  The  current  waveform 
for  the  experiment  selected  for  detailed  analysis  was  roughly 
semi-sinusoidal  in  shape  with  a  peak  current  of  320  IcA  at  0.75  ms 
in  a  pulse  of  total  length  1.9  ms.  The  armature  was  cooled  in  liquid 
nitrogen  to  reduce  the  insertion  force  due  to  its  interference  fit  In 
the  interval  between  loading  and  firing,  the  armature  returned  to 
rv'om  temperature.  The  armature  was  siz^  0.3  mm  greater  than  the 
rail-to-rail  dimension.  The  armature  was  accelerate  to  a  muzzle 
exit  velocity  of  1 100  m/s. 


Debris  Collection 

Post-shot  debris  collection  employed  a  1  m  long,  6mm  diameter 
stainless  steel  tube  connected  to  a  sealed  glass  jar  for  in-bore 
vacuum  scavenging.  This  technique  combines  a  small  mechanical 
action  of  the  tube  tip  and  vacuum  sucrion  to  remove  loose  in-bore 
debris.  The  muzzle-exit  debris  was  stripped  from  the  arc  chutes. 
The  arc  chutes  are  two  steel  flats  inclined  at  a  45  degree  angle 
relative  to  the  rail  surfaces,  and  positioned  xlOmm  above  and 
below  the  rail  surfaces  at  the  muzzle  exit. 


Debris  Analysis 

The  scanning  electron  microscopy  examination  was  conducted  in  a 
JEOL  35M  instrument  operated  at  25  kV.  Chemical  analysis  was 
performed  by  energy  dispersive  spectroscopy  in  the  SEM.  This 
provided  the  size  and  overall  chemisti7  information.  X-ray 
diffraction  data  were  obtained  on  a  Phillips  diffractometer.  This 
allowed  confirmation  of  the  crystal  structure  of  the  phases  present. 


RE.SULTS  AND  DISCUSSION 


Wear  Related  Observations 


The  condition  of  railgun  exterior  (i.e.  the  steel  structural  envelope) 
was  documented  as  was  the  state  of  gun  bore  surfaces  viewed  by  a 
borescope  from  the  breech  and  from  the  muzzle  ends.  The  pertinent 
observations  are  summarized  below. 

Exterior:  The  arc  chutes  were  covered  with  a  splat-quenched 
deposit  which  had  a  metallic  copper-aluminum  appearance.  The  top 
chute  which  was  located  slightly  closer  to  the  bore  had  a  larger  and 
thicker  deposit.  The  rounded  rail  edges  at  the  muzzle  exit  appeared 
to  be  heavily  eroded.  There  was  no  evidence  of  any  black  powdery 
soot  normally  associated  with  carbonaceous  debris  producu'on. 

Gun  Bore:  The  general  appearance  of  the  bore  was  dominated  by  an 
aluminum-colored  coating,  with  occasional  gold-colored  streaks. 
\Jhe  deposit  was  not  uniformly  distributed  on  the  top  and  bottom 
rails  or  along  the  gun  length.  The  lower  rail  was  more  heavily 
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coated  with  a  clearer  transition  from  a  thick  to  a  thin  deposit.  The 
thickness  of  the  deposit  was  greater  at  the  breech  end  and  became 
progressively  thinner  towards  the  muzzle. 

The  process  by  which  the  material  is  transferred  from  the  armature 
to  the  rail  is  not  entirely  clear.  It  may  be  1)  smeared  while  the 
armature  is  in  the  heat-softened  solid  state,  2)  transferred  from  a 
liquid  interlayer  to  the  rails  in  a  mode  qualitatively  similar  to  planar 
flow  casting  or  3)  spray  deposited  as  a  fine  debris  driven  off  a 
transient  molten  layer  and  entrained  in  a  debris  plume  which 
spreads  the  debris  well  away  from  its  source.  It  appears  likely  that 
as  the  initially  solid  armature  progresses  down  the  bore  and  the 
sliding  interface  temperature  rises,  the  dominant  process  changes 
from  1)  to  2)  to  3).  However,  non-uniform  longitudinal  and  lateral 
temperature  distributions  make  it  possible  for  these  processes  to 
operate  simultaneously,  as  evidenced  by  the  streaking  of  the 
transferred  material. 

These  observations  indicate  that  the  degree  of  wear  of  a  solid 
armature  produced  by  armature  /rail  interaction  is  indeed  a  function 
of  the  energy  dissipated  during  the  residence  time  of  the  armature  at 
a  particular  location.  This  confirms  the  desirability  of  measures 
taken  to  avoid  armatures  starting  from  rest  in  a  railgun  bore. 
Typically  the  motivation  is  to  reduce  rail  damage.  Pre-acceleration 
might  produce  the  added  benefit  of  reduced  wear  of  the  solid 
armature. 


Debris  Analysis. 


SEM  analysis  shows  the  in-bore  debris  dimensions  to  range  from 
tens  of  microns  to  submicron.  Figure  1  shows  a  typical  high 
magnification  view  of  the  extracted,  loose,  in-bore  debrif  mounted 


Figure  1.  Scanning  electron  photomicrograph  of  loose  in-bore  debo*-  ^ 


in  colloidal  graphite.  TTic  large  parklcs  appear  to  be  agglomeratiOTs 

'  jf  small  particles.  We  focus  uport  the  micron-sized  particles  which 

'  tfpear  to  be  the  building  blocks  of  the  debris.  This  particle 
morphology  leads  us  to  hypothesize  that  these  particles  were 
^etoidized  in  flight  in  the  bore.  Th^  were  deposited  onto  a  more 
^htly  adhered  and  already  oxidized  wear  layer  which  made  them 
{^ter  to  vacuum  scavenge  out  of  the  bore.  Two  different  debris 
(hemistries  are  evident  in  the  EDS  scans  given  in  Figures  2a  &b.  In 
figure  2a,  Cu-Al-  Zn  rich  debris  is  evident.  The  source  of  the  zinc 
is  the  7050  alloy  chemistry  (weight  percent  6.2  Zn,  2.25  Mg,  2.3 
Cu,  0.12  Zr,  Bal.  Al) .  In  Figure  2b,  taken  from  the  "gold-colored" 
(iebris,  the  Zn  is  absent. 


Hie  muzzle  exit  debris  is  80  pm  to  100  pm  thick  covering  areas  of 
200-400  mm^.The  spectrum  of  elemental  constituents  is 
graphically  detailed  with  micrograph  inset  in  Figure  3.  The  X-ray 
diffraction  studies  focused  on  the  muzzle  exit  debris.  Copper  X-ray 
diffraction  lines  were  present  in  each  of  the  two-theta  diffracuon 
spectra.  The  line  broadening  observed  was  attributed  to  the  residual 
strains  associated  either  with  a  supersaturadon  of  aluminum  or  with 
rapid  splat  quenching.  In  addidon  to  the  copper-rich  matrix,  the 
intermetallic  compound  CU5AI4  was  found  to  be  present.  CujAl4 

had  been  previously  observed  in  a  railgun  deposition  environment 
by  DeLuca  in  his  studies  of  the  quenching  of  exploded  aluminum 
foil  onto  a  copper  substrate  [4]. 


Properties  of  the  Sliding  Pair  AlfCu 

Bore  wear  analysis  requires  that  the  physical  properties  of  the 
armature/rail  material  pair  be  understood,  since  the  severe  wear 
observed  appears  to  be  dominated  by  large-scale  material  transfer. 
This  section  reviews  the  equilibrium  phase  diagram,  and  examines 
the  it^ucnce  of  alloy  chemistry  on  fluidity  and  resistivity. 


Figure  2.  Energy  Dispersive  Spectroscopy  (EDS)  Plots  indicating  the 
chemistry  of  the  loose  in-borc  debris  (a)  Cu-Al-Zn  rich  (b)  Cu-Al  rich. 
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Figure  3.  Energy  Dispersive  Spectroscopy  (EDS)  Plot  indicating  the  chemistry  of  the  muzzle  exit 
debris  is  Cu-Al  rich.  The  appearance  of  the  debris  is  shown  in  the  inset  photomicrograph. 


Phast  Diagram 

The  equilibrium  birrary  phase  diagram  for  the  system  Al-Cu  is 
shown  in  Figure  4,  taken  from  reference  (5)  in  which  the 
characteristics  of  this  system  are  detailed.  Pertinent  to  this 
discussion  is  the  described  multiplicity  of  complex  solid  state 
reactions.  Here  we  focus  on  the  source  of  the  CU9AI4  .  CU9AI4, 

based  on  the  gamma-brass  structure,  is  the  gamma- 1  phase  which 
exists  over  the  compositional  range  of  62.5  to  69  at.  %  Cu.  Its 
source  appears  to  be  the  stable  high-temperature  B  phase  which 
melts  at  1322K.  A  two  phase  |(Cu)  +  B)  field  exists  between  the 
eutectic  temperature  and  the  eutectoid  reaction  B  ->  gamma- 1  (Cu) 
at  850K.  The  gamma-1  phase  has  also  been  observed  in  diffusion 
couples  annealed  at  773K  [5].  The  presence  of  CU5AI4  in  the 

splat-quenched  muzzle  debris  is  a  clear  indication  of  an  alloy  liquid 
phase  formation.  From  the  phase  diagram  it  may  also  be  observed 
that  the  eutectic  Al-Cu  alloy  melts  at  1 12K  lower  than  Al.  The 
formation  of  this  eutectic  may  place  an  effective  limit  for  the 
temperature  increase  AT  in  the  solid-to-solid  sliding  regime,  the 
liquid  thresholdbeing  its  formation  rather  than  the  melting  of  Al. 


Fluidity 

For  aluminum-copper  binary  alloys,  fluidity  decreases  rapidly  as 
the  copper  is  added,  teaching  a  minimum  at  -10  mass  percent 
copper.  As  the  alloy  composition  approaches  the  eutectic  (33  mass 


Figure  4.  The  equilibrium  binary  phase  diagram  for  the  system  Al-Cu 


Copper  %) 

Figure  S.The  room-temperature  resistivity  of  aluminum  as  a  function 
of  mass  of  copper  added  {data  from  reference  (7)}. 


percent  copper)  fluidity  increases  significantly.  The  eutectic  fluidity 
is  higher  than  that  of  pure  aluminum  [6].  Fluidity  and  chemistry  in 
the  Al-Cu  system  are  important  in  explaining  the  the  smearing  of 
alloy  debris  in  the  bore  and  the  possibilities  for  development  of  a 
superheated  transient  thin  liquid  film  layer  as  a  friction  reducing 
phenomenon  at  the  armature/rail  interface. 


Resistivity 

The  room-temperature  resistivity  of  aluminum  as  a  function  of  mau 
of  copper  add^  is  shown  in  Figure  5,  which  is  a  plot  of  data  from 
reference  {7]  .  Resistivity  is  observed  to  rise  steadily  with 
increasing  copper  content,  and  to  increase  significantly  in  the  range 
of  70  to  95  mass  %  Cu.  If  the  interface  voltage  ^op  is  to  be 
correctly  predicted  for  an  armature  which  develops  a  liquid  surface, 
then  the  resistivity  changes  due  to  alloy  formation  must  also  be 
taken  into  account  Furthermore,  if  such  ^loys  are  formed  and  are  a 
residual  deposit  on  the  rail  surface,  then  the  implications  for 
advantageous  current  redistribution  also  need  analysis. 

Impact  Energy  Dissipation  -  Gouging 

The  potential  roles  of  electrical  and  frictional  energy  dissipation 
the  sliding  interface  have  been  mentioned.  The  discussion  now 
includes  the  least  well-understood  wear  phenomenon;  gouging  due 
to  impact  energy  dissipation.  In  uncoal^  copper  rails,  postfiring 
observations  reveal  gouges  appearing  in  clusters  of  up  to  six  small 
pits,  I  mm  to  3  mm  in  diameter.  Their  appearance  is  easily 
distinguishable  from  arc  damage,  which,  in  copper  rails,  takes  the 
form  of  small,  densely-packed  craters  lOum  to  KXhim  in  diameter. 
Clusters  of  gouges  appear  on  alternate  sides  of  the  bore  in  a 
distinctive  repeating  pattern.  The  distance  between  successive 
clusters  increases  widi  increasing  armature  velocity,  suggesting  the 
presence  of  a  secondary  transverse  perturbation  of  constant 
frequency  superimposed  upon  the  primary  accelerating  force. 

The  phenomena  of  gouging  due  to  intermittent  grazing  impact  at 
velocities  >  1  km/s  has  been  reported  previously  [8].  It  was 
observed  that  material  ejected  from  the  gouge  was  deposited  in  the 
form  of  a  metallic  spray  forward  of  the  gouge  pits.  In  early  railgua 
research  [9],  it  was  reported  that  for  copper  sliding  on  coppWi. 
gouging  begins  at  0.6  km/s  and  increases  in  severity  with  velocity. 
Indium,  rhodium,  and  gold  plating  of  copper  rails  were  each  found 
to  marginally  reduce  gouging.  In  our  research,  the  use  of  a  0.5  mm 
thick,  flame-sprayed  molybdenum  coating  on  copper  rails  was 
found  to  eliminate  the  gouging  phenomenon.  The  absence  of  a 
fundamental  understanding  of  gouging  prevents  a  rationalization  » 
this  finding.  At  the  present  time  quantitative  data  on  bore  damage  is 
scarce.  Qualitatively,  the  degree  of  bore  damage  appears  sensitive 
to  a  variety  of  experimental  conditions.  These  include:  the  bore 
finish  and  fit  of  the  armature  and  the  general  integrity  of  the 
structural  envelope.  Straightness,  smoothness  and  stiffness  are 
desirable  attributes  and  may  be  crucial  to  delaying  the  onset  of 
gouging. 

Crack  Formation 

Wear  processes  are  likely  to  be  influenced  by  large  fluctuating 
stress  conditions  as  a  result  of  both  magnetic  pressure  and  thermal 
changes.  Pressures  on  the  order  of  40  ksi  [10]  ,  and  thermal 
gradients  of  lOOOK  over  200  microns  are  not  uncommon  (Hi- 
These  conditions  have  led  to  surface  microcracking  of  the  rails  and 
insulator  side  walls  (12).  The  continued  effect  can  result  in  surface 
failure  and  break-up  into  wear  particles. 

In  pulsed  joule  heating  experiments  at  1  to  10  MW/mm^  metalli® 
conductors  were  found  to  undergo  a  variety  of  surface 
transformations  [11  j.The  effect  of  pulsed  joule  heating  alone,  m 
the  absence  of  arc  tracking  or  high  speed  sliding  contact,  wa* 
sufficient  to  produce  surface  melting  and  microcracking.  It  appe*'* 
that  these  effects  were  aggravated  by  the  presence  of  non-metml>^  / 
second-phase  inclusions  in  commercial  jjurity  materials.  Su»7' 
inclusions  presumably  cause  constrictions  in  surface  current 
and  may  contribute  to  localized  surface  melting.  The  developm^ 
of  directionally  resolidified  grain  structure  [13,14]  may  a**®’, 
influence  crack  resistance. 
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Xbc  'Zero  Wear*  Artifact 

geports  of  'zero  wear*  in  railgun  botes  in  which  several  MJ  ji 
^ergy  have  been  dissipated  have  become  disturbingly  common. 
-The  abundant  production  of  wear  debris,  whether  in  spectacular 
Biuzzle  exit  debris  or  the  more  common  'railgunner’s  soot', 
suggests  a  need  for  re-interpretation  of  these  results.  Two 
•invisible'  sources  of  wear  debris  have  come  to  our  attention:  the 
first  is  the  micro-roughening  due  to  liquid  droplet  impact  or  to 
niicroparticlc  or  ion  clusters  being  plucked  from  the  rail  surfaces: 
the  second  is  the  wear  material  removal  which  accompanies  the 
rounding  of  the  rail  comers,  where  both  theory  and  experiment 
indicate  that  the  current  density  is  at  its  maximum.  These  wear 
phemonena  may  not  change  the  rail-to-rail  dimensions  but  do  alter 
the  surface  roughness.  These  phenomena  have_  been 
non-destructively  checktd  through  the  use  of  surface  replication 
techniques  used  in  fractography  [15]. 

Ihe  'zero  wear  limit'  is  used  in  the  Bayer-Ku  sliding  wear  theory 
[16].  Adopting  a  similar  definition  for  railgun  rail  conductors,  the 
•zero  wear  limit'  will  be  the  point  in  the  life  of  a  railgun  when  its 
surf^ace  roughness  median  has  been  depressed  to  half  the  depth  of 
the  initial  pcak-to-valley  finish,  as  illustrated  in  Figure  6  adapted 
from  Engel  [17].  Such  a  definition  allows  accomodation  of  the  fact 
that  microscopic  changes  in  asperity  dimensions  precede  the 
development  of  distinguishable  wear.  This  'zero  wear  limit'  will  be 
important  in  future  anSytical  treatments  of  rail  wear,  since  it  marics 
the  start  of  a  measurable  wear  rate:  a  process  which  is  crucial  to 
yriirafe  hore  life  nrediction.  At  this  time,  it  is  possible  that  not 
many  experimental  EML  systems  have  undergone  sufficient  cycles 
to  produce  measurable  wear  by  these  criteria.  However,  the 
potential  pitfall  is  the  behavior  within  the  'zero  wear  limit*  being 
extrapolated. 


Wear  Mechanism  Maps 

The  wear  mechanism  mapping  approach  proposed  by  Ashby's 
group  [18]  is  potentially  useful.  For  rail  wear,  appropriate  axes 
might  be  mass  removed  vs  energy  dissipated.  Since  energy 
dissipation  is  itself  a  function  of  current,  velocity,  sliding  pair 


Figure  6.  Zero  wear  and  measurable  wear:  (a)  a  log-log  schematic 
for  wear  data  (b)  zero  wear  (c)  measurable  wear 


materials,  etc.,  a  aeries  of  sub-plots  will  be  required.  Models  which 
predict  energy  dissipation  are  currently  being  ^veloped  and  await 
experimental  verification.  When  these  are  implemented,^  wear 
mechanism  nuqis  can  be  used  to  graphically  define  the  transitions  at 
the  sliding  interface  and  to  point  the  directions  for  wear  control  in 
railguns. 


ACKNOWLEDGMENT 

This  research  received  early  support  from  SETA  Contract  DAAA- 
86-C-0259.  The  latter  stages  were  supported  by  DARPA/ARO 
Contract  DAAL  0387-K-0073.  The  authors  thank  Drs.  M-J.  Wang 
and  M.  Schmerling  for  their  assistance  with  the  microstructural 
evaluation.  This  work  is  pait  of  a  collaborative  effort  between  the 
Center  for  Materials  Science  and  Engineering  and  the  Center  for 
Electromechanics  at  The  University  of  Texas  at  Austin.  We  thank 
them  for  their  cooperation. 


references 

1.  D.  Kuhlmann-Wilsdorf,  "Flash  Temperatures  due  to  Friction 
and  Joule  Heat  at  Asperity  Contacts,"  Wear,  105  (1985) 
pp.  187-198. 

2.  D.  P.  Ross,  G.  L.  Ferrentino  and  F.  J.  Young,  "Experimental 
Determination  of  the  Contact  Friction  for  an 
Electromagnetically  Accelerated  Armature,"  Wear,  78 
(1982)  pp.  189  -  200. 

3.  J.H.  Price,  C.  W.  Fulcher,  M.  Ingram,  D.  Perkins,  D.  R. 
Peterson,  R.  C.  Zowarka,  Jr.,  and  J.  A.  Pappas,  "Design  and 
Testing  of  Solid  Armatures  for  Large-Bore  Railguns", 
Distributed  at  Proc.of  the  4th.  EML  Conf.,  Austin,  TX, 
April,  1988. 

4.  R.  J.  DeLuca,  MS  Thesis,  The  University  of 
Texas  at  Austin,  May  1987,  p.  30,  p.79. 

5.  J.  L.  Murray,  Binary  Alloy  Phase  Diagrams.  T.  B.  Massalski 
(ed.),  ASM,  Ohio,1986,  pp.  103-108. 

6.  F.  R.  Mollard,  M.  C.  Flemings,  and  E.  F.  Niyama, 
"Aluminum  Fluidity  in  Casting,"  J.  of  Metals,  (Nov.  1987), 
p.35. 

7.  HandlK»k.fl.f  Resistivity  of  Binaiy  Allays,  K.  Schroder  (ed.), 
CRC  Press,  Boca  Raton,  FL,  1983,  p.79. 

8.  K.F.  Graff  and  B.B.Detloff, "  'Die  Gouging  Phenomenon 
between  Metal  Surfaces  at  High  Sliding  Speeds,"  Wear  14 
(1969),  pp  87-97. 

9.  R.A.  Marshall,  "Moving  Contacts  in  Macro-Particle 
Accelerators",  in  High  Power-High  Energy  Pulse  Production 
and  Application,  ed.  E.K.  Inall,  Australian  National  University 
Press,  (Canberra)  ,1978. 

10.  R.F.Davidson,W.A.Cook,  D.A.Rabem,  N.M.  Schnurr, 
"Predicting  Bore  Deformations  and  Launcher 
Stresses  in  Railguns",  IEEE  Transactions  on  Magnetics,  Vol. 
MAG-22,  (Nov.  1986),  pp.  1435-1440. 

11.  C.  Persad  and  D.  R.  Peterson  ,  "High  Energy  Rate 
Modification  of  Surface  Layers  of  Conductors",  IEEE 
Trans,  on  Magnetics.  Vol.  MAG-22,  (Nov.  1986), 

pp.  1658-1661. 

12.  D.  R.  Peterson,  D.  A.  Weeks,  R.  C.  Zowarka,  R.  W.  Cook  , 
and  W.  F.  Weldon,  "Testing  of  a  High  Performance,  Precision 
Railgun,"  IEEE  Transactions  on  Magnetics, 
Vol.MAG-22,  (Nov.  1986),  pp.  1662-1668. 

13.  A.J.  Bedford,  "Rail  Damage  in  a  Small  Calibre  Railgun," 
IEEE  Transactions  on  Magnetics,  Vol.  Mag-20,  No.  2, 
(March  1984),  pp.348-351 . 

14.  R.  F.  Askew,  B.  A.  Chin,  B.  J.  Tatarchuk,  J.  L.  Brown,  and 
D.  B.  Jensen,  "Rail  and  Insulator  Erosion  in  Rail  Guns," 
IEEE  Trans,  on  Magnetics,  Vol.  MAG-22,  (Nov.  1986), 

pp.  1380-1385. 

15.  Metals  Handbook:  Fractoyraphv  and  Atlas  of  Fractographs. 
H.  E.  Boyer  (ed.),  8th.  ed.,  Vol.  9,  ASM, 
Ohio,  1974,  p.56. 

16.  R.  G.  Bayer,  A.  T.  Shalkey,  and  A.  R. 
Wayson, "  Design  for  Zero  Wear,"  Machine  Design,  41(1) 
(Jan.  1969)  pp.  142-151. 

17.  Peter  A.  Engel,  Impact  Wear  of _ MalClialS. 

Elsevier,  New  York,  NY,  1978,  p.  182. 

18.  S.  C.  Lim,  M.  F.  Ashby,  and  J.  H.  Brunton, 
'Wear  -Rate  Transitions  and  their 
Relationship  to  Mechanisms',  Acta  Metall., 
(June  1987),  35  (16).  pp.  1343-1348. 


255 


BINDERLESS  COPPER-GRAPHITE  AND  NANOSIZED  STRUCTURES  IN  Cu-W-WC-C 
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Abstract 

Sliding  spee.'s,  current  densities,  and  useful  operating  lifetimes  are  key  parameters  for  electri¬ 
cal  contacts  in  future  high-performance  pulsed  power  machines.  For  homopolar  pulse 
generator  brushes,  infiltration  of  Pb-Sn  into  a  copper-graphite  powder  composite  skeleton  is  a 
conventional  fabrication  route.  This  composite  fails  at  v>220  m/s  by  loss  of  the  low  melting 
temperature  binder.  Binderless  copper-graphite  materials  operate  at  higher  temperatures. 
However,  speeds  >  200  m/s  at  current  densities  >  2  kA/cm^  produce  interface  temperatures  > 
500®C.  Results  will  be  presented  on  a  recent  novel  materials  science  approach  to  handling  of 
such  high  interface  temperatures.  Contact  layers  containing  a  tungsten  aerogel-type  skeleton 
structure  with  100  nm-sized  contact  points,  and  with  nanosized  WC  and  colloidal  graphite  par¬ 
ticles  have  been  fabricated.  Sol-gel  synthesis,  carbothermic  reduction,  large-strain  deformation 
processing,  and  high-energy,  high-rate  powder  consolidation  were  the  main  steps  in  the  pro¬ 
cessing  of  these  nanosized  structures.  The  processing/microstructure/properties  base  for  these 
nanosized  composite  structures  was  related  to  the  observed  high-speed,  high-current,  elec- 
trotribological  performance. 


This  work  was  supported  by  the  Texas  Advanced  Research  Program,  Grant  #  4357,  1988- 
1990,  the  Texas  Advanced  Technology  Program,  1989-1991  Grant,  and  by  DARPA  under 
ARO  Contract  DAAL  0387-K-0073. 
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Introduction 


Pulsed  power  and  hypervelocity  phenomena  arc  critical  emerging  technologies  (1).  These  tech¬ 
nologies  are  undergirded  by  a  variety  of  hardware.  Among  these  arc  powerful  electrical  r..a- 
chines.  Their  powerfulness  is  derived  in  part  from  high  operating  spe^s  and  extremely  large 
electrical  currents.  Examples  of  such  machines  are  homopolar  pulse  generators  and  elec¬ 
tromagnetic  launchers.  Sliding  electrical  contacts  are  integral  current  collecting  components  in 
these  machin.  s.  They  must  perform  under  extreme  conditions  as  depicted  in  Figure  1.  In 
homopolar  pulse  generators,  the  brushes  must  harvest  electrical  currents  in  the  megampere 
regime  at  sliding  speeds  >  100  m/s.  In  electromagnetic  launchers,  the  solid  armatures  must 
drive  payloads  by  megampere-induced  Lorentz  forces  to  velocities  in  excess  of  1  km/s. 
Schematic  diagrams  of  each  of  these  devices  are  shown  in  Figure  2. 

High  j^rformancc  composite  materials  are  being  developed  to  meet  these  needs.  The  brushes 
are  being  fabricated  as  a  powder  metallurgy  composite  of  copper  and  graphite.  These  con¬ 
stituents  provide  the  conductivity  and  lubricity  sought  in  this  device  (2).  The  solid  armatures 
are  being  designed  as  a  hybrid  composite  component  with  special  attention  to  the  sliding  inter¬ 
face  (3).  These  "electrotribological"  systems  are  so  designated  because  of  the  combined  sliding 
and  current-carrying  duty. 

It  is  well  established  that  a  number  of  composite  materials  systems  exhibit  the  characteristics 
necessary  for  high  performance  sliding  electrical  contacts  (4).  When  based  on  powder  con¬ 
stituents,  such  composites  provide  seme  of  the  necessarj'  product  properties  by  selection  and 
assembly  of  material  at  the  microscopic  level.  The  relationship  between  the  tribological  behav¬ 
ior  of  such  contacts  and  their  basic  materials  science  is  the  subject  of  a  large  body  of  studies 
(5-15).  A  key  issue  is  the  value  of  the  maximum  temperature  that  can  be  sustained  by  the 
contact  at  the  sliding  interface,  while  maintaining  the  efficient  energy  transfer  associated  with 
solid-to-solid  contact.  In  these  applications,  the  complex  electrotribological  environments 
encountered  provide  multiple  interface  heating  sources,  as  indicated  in  figure  2  (a)  for  a 
homopolar  generator  brush.  Achieving  the  necessary  performance  demands  novel  approaches 
to  the  design,  processing,  characterization  and  laboratory  testing  of  suitable  materials. 

Sliding  at  high  speeds  while  canying  large  currents  causes  combined  mechanical  and  electrical 
energy  dissipation  at  the  sliding  interface.  The  contact  surface  becomes  hot.  In  the  case  of 
solid  armatures,  the  contact  surface  becomes  hot  enough  to  melt  metallic  conductors  such  as 
aluminum  (16).  In  electromagnetic  launcher  terminology,  the  onset  of  melting  leads  to  a 
change  in  electrical  performance  described  as  "transitioning".  During  "transitioning"  a  fluid 
interlayer  (liquid,  vapor  or  plasma)  develops  at  the  sliding  interl'ace  and  a  solid  armature  then 
becomes  a  hybrid  armature  showing  some  of  the  characteristics  of  a  plasma  armature  at  the 
interface  while  the  bulk  remains  a  softened  solid.  Hybrid  armatures  perform  unpredictably.  It 
is  therefore  desirable  to  design  solid  armatures  that  remain  solid  during  use  (17). 

Experimental  Procedures 


Materials 

I.  Composite  Brushes.  The  binderless  copper-graphite  was  produced  by  the  high-energy 
high-rate  technique  (18-20).  The  degree  of  homogeneity  of  the  distribution  of  the  graphite  in 
the  copper  matrix  depended  upon  the  mechanical  mixing  that  is  achieved  prior  to  loading  of  the 
powder  mixture  into  the  die.  The  degree  of  mixing  depends  upon  the  relative  densities  and  the 
characteristics  of  the  loose  starting  powders.  Since  the  single-residence  processing 
occurred  in  the  solid-state,  the  pressure  and  temperature  conditions  within  the  die  during  the 
processing  control  the  degree  of  densification.  The  copper  matrix  was  powder-forged  to  high 
densities,  while  the  graphite  was  subjected  to  intraparticle  shear  to  accommodate  the  plastic 
flow  of  the  matrix.  Heating  rates  of  100  K/s  to  500  K/s  were  used  to  rapidly  bring  the  copper 
matrix  to  the  warm  processing  range  (0.4  to  0.6  Tm,  where  Tm  is  the  melting  temperature  of 
copper  =  1356K).  While  at  temperature  the  composite  densified  under  an  applied  stress  that 
was  in  excess  of  the  flow  stress  within  the  powder  volume. 
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Fig.  1.  Operating  tegimcs  for  high  velocity  and  hypervelocity  sliding  contacts  on 
velocity/currcnt  density  axes 


I  r  5  kA  V  r  2  V 

V  s  200  m/s  RB  s  20 

\i  S  0.2  Rs  S  72 

Ns45N 

(a) 


Electromagnetic  Railgun 


(b) 

Figure  2  -  Operating  environment  of  (a)  high  velocity  sliding  contacts  (brushes) 
and  (b)  hypervelcwity  sliding  electrical  contacts  (armatures).  In  (a) 
the  relative  magnitudes  of  some  of  the  heating  sources  of  the  cont^t 
are  estimated  using  a  typical  set  of  parameters. 
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The  measured  values  of  density,  hardness  and  electrical  resistivity  ot  the  binderless  copper- 
graphite  composite  material  for  bmshes  are  listed  in  Table  1. 


Table  I.  Properties  of  binderless  copper-graphite  composite  materials  for  brushes. 


. 

"  Binderless  Cu-Gr 

Density  (g/cm^) 

(percent  theoretical) 

Average  Hardness  *  (Rockwell  15T) 

Electrical  Resistivity  (p.  ohm-cm  at  300K) 

6.30-6.68 

94.1-99.8 

62  (Axial),  50  (Radial) 

3.82  (Axial),  8.95  (Radial) 

*  On  this  scale  a  fully  dense  copper  powder  compact  has  an  average  hardness  of  70.7. 

n.  Composite  Armatures.  The  composite  material  designed  for  solid  armatures  consists  of  a 
100  |im  thick  WAVC/C  layer  embedded  into  copper.  The  objective  was  to  produce  a  sliding 
interface  capable  to  simultaneously  withstand  and  reduce  the  high  interface  temperature  (21, 
22).  This  WAVC/C  layer  was  synthesized  by  a  technique  consisting  of  synthesis  of  tungstic 
acid  gel,  precursor  blending  wi±  colloidal  graphite,  followed  by  spreading  of  a  thick  film  of 
the  blended  precursor  onto  copper.  The  W/WC/C  layer  was  for..ied  by  carbothermic  reaction 
and  embedded  into  copper  by  flat  rolling  followed  by  pulsed  joule  heating  under  pressure. 
W/WC/C  coated  copper  rectangles  (20  mm  x  12  mm)  were  then  cut  and  mounted  for  testing 
and  evaluation.  Figure  3  shows  the  structure  of  the  blended  precursor  thick  film. 


(a)  (b) 


Figure  3  -  SEM  photomicrograph  of  a  vacuum  dried  composite  film  synthesized  from  a 
tungstic  acid/coUoidd  graphite  blend. 

(a)  low  magnification  showing  tire  comer  edges  of  a  KX)  |im  thick  layer. 

■  (b)  high  magnification  view  of  a  fracture  surface  of  the  composite  film  in  (a) 

showing  the  ultrafine  particle  microstructure. 

Materials  Evaluation 

^Low  Speed  Testing.  The  low  speed  tests  were  conducted  in  air  on  a  pin-on-disk  machine. 
.Friction  force  and  pin  wear  were  monitored  by  a  strain  ring  and  a  linear-displacement  trans¬ 
ducer  respectively.  An  Apple  II  computer  stored  and  plotted  the  data.  The  pin  weai*  rate  and 
friction  coefficient  were  calculated  from  the  plots.  The  applied  load  range  was  2  to  20N,  and 
the  slidiiig  velocity  range  was  220  to  670  mm/s. 

High  Speed  Testing.  The  sliding  electrical  contact  tester  (SECT)  is  a  device  which  allows  rapid 
evaluation  of  materials  and  cooling  methods  with  respect  to  interface  power  dissipation  and 
wear  rate.  Continuous  testing  at  speeds  of  up  to  180  m/s  at  6000  A  is  possible.  Electromagnetic 
displacement  probes  monitor  brush  wear,  and  a  video  thermal  imaging  sy  stem  provides  a  time- 
temperature  history  of  the  slider,  sliding  interface,  and  rotor.  The  tests  were  performed  dry  in 
air.  No  active  cooling  was  used.  Constant  down  force  of  lOON  was  maintained  during  the 
temperature  excursion  tests.  The  specimen  surfaces  were  prepared  by  polishing  with  a  final 
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polish  using  600  grit  silicon  carbide  paper.  Prior  to  the  test  the  contact  and  rotor  surfaces  were 
cleaned  with  high-purity  ethyl  alcohol. 


Post-Test  Evaluation.  Following  tribological  evaluation,  the  contact  surfaces  were  examined  in 
the  scanning  electron  microscope  to  determine  the  response  of  the  wear  surface  to  electrotribo- 
logical  loading. 


Results  and  Discussion 
A.  Binderless  Copper-Graphite  Composite  Brush  Material 

Preliminary  results  of  the  tribological  characterization  of  the  binderless  copper  and  graphite 
powder-based  composites  were  previously  published  by  Owen  et  al  (18),  Wang  et  al  (19),  and 
by  Eliezer  et  al  (20,  23).  The  low  speed  pin  on  disk  tests  (0.6  m/s)  of  the  copper-graphite 
composite  on  4340  steel  showed  frictioi.  coefficients  in  the  range  0.133  to  0.207. 

At  high  speeds  the  wear  of  the  binderless  co.mposite  is  significantly  lower  than  the  commercial 
composite  material  now  being  used.  At  200  m/s  values  of  0.2-0.3  x  10^  mm^/Mm  versus  2  x 
10^  mm^/Mm,  are  obtained  over  6  km  sliding  distances.  The  peak  interface  temperatures 
observed  by  video  thermography  during  these  tests  were  450  °C  to  620  °C  in  the  downforce 
range  of  44.8  N  to  134.4  N. 

Based  upon  previous  work  in  our  laboratory,  Everett  (24)  reported  on  the  pulse  duty  (<3  sec¬ 
onds)  performance  of  these  binderless  copper-graphite  contact  materials.  An  improvement  in 
contact  resistance  was  observed  compared  to  commercial  composite  material  (COM- A)  at 
velocities  of  20m/s  to  90m/s.  Current  density  comparisons  at  lOOm/s  and  160m/s  showed  the 
binderless  material  to  have  twice  the  current  carrying  ability  of  the  commercial  composite. 
When  pulse  loaded  at  3  kA/cm^  at  160  m/s,  a  nearly  linear  temperature  rise  of  100  K/s  was 
observed  to  a  peak  temperature  of  420K. 


X10§  9290  100. 0U 


Figure  4  -  SEM  photomicrograph  of  the  surface  of  the  binderless  copper-graphite  composite 
after  a  high  speed  wear  test  on  the  sliding  electrical  contact  tester.  A  graphite  parti¬ 
cle  in  the  edge-on  orientation  is  the  dark  lenticular  shape  located  parallel  to  the  wear 
tracks.  Also  visible  are  thin  highly  deformed  laminar  regions  in  the  matrix  and  the 
decoration  of  the  matrix  surface  with  fine  dark  dots  of  graphite.  (Test  conducted  in 
air,  uncooled,  with  lOON  downforce.  Run  for  60s  at  100  m/s  with  zero  current, 
then  for  30s  at  100  m/s  with  1  kA/cm^.  Contact  area  20  mm  x  12.5  mm  on  turned 
4340  steel  rotor  surface). 

From  the  results  of  the  electrotribological  testing  described,  several  wear  mechanisms  are 
known  to  be  active  depending  upon  the  nature  of  the  reinforcing  phase.  One  example  is  the 
apparent  re-transfer  of  fine  particles  of  graphite  to  the  copper  matrix,  first  transferred  as  a  thin 
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film  from  the  brush  to  the  rotor.  A  post-test  brush  wear  surface  exhibiting  tliis  effect  is  shown 
in  Figure  4. 

B.  Solid  Armatures  Containing  Tungsten  Contact  Points 

A  graded  resistance  armature  concept  is  based  upon  the  two-dimensional  model  for  current 
density  distribution  within  a  traveling  solid  armature  developed  by  Long(25).  It  attempts  to 
compensate  for  the  observed  tendency  of  the  current  to  concentrate  close  to  the  trailing  edge  of 
the  armature  by  making  that  edge  the  most  resistive  part  of  the  ai'mature,  thus  forcing  a  more 
uniform  distribution  of  the  current.  Armatures  incorporating  this  gradation  have  been 
fabricated  and  evaluated  by  Persad  et  al.  (3). 


(a) 


(b) 


?^5000  0001  1.0U 


(C) 

Figure  5  -  SEM  photomicrograph  of  the  wear  surface  of  100  |im  thick  W-WC-C  layer  on  a 
copper  substrate  ^ter  a  high  speed  wear  test  on  the  sliding  electrical  contact  tester. 

(a)  At  low  magnification,  the  profile  of  tlie  rotor  surface  appears  to  be  replicated 
on  the  contact  surface  with  a  series  of  evenly  spaced  troughs  running  horizontally. 

(b)  At  higher  magnification  the  wear  track  orientation  is  horizontal.  A  loose  wear 
particle  with  approximately  20  iim  dimensions  is  visible  at  the  bottom  of  the  photo. 

(c)  A  high  magnification  view  of  tlie  bottom  of  a  wear  trough  showing  loose  par¬ 
ticles  with  1-2  pm  dimensions  distributed  on  the  substrate  which  has  the  original 
nanosized  structural  features. 

) 

These  proposed  design  concepts  have  as  a  common  objective  the  maintenance  of  armature/rail 
contact.  However,  controlling  energy  dissipation  at  the  sliding  interface  poses  another  signifi¬ 
cant  challenge  as  guns  get  longer  and  are  driven  harder.  Performance  suffers  as  solid  arma¬ 
tures  tend  to  be  converted  to  hybrid  (plasma/solid)  armatures  in  bore  during  firing.  This 
hybridization  can  be  delayed  by  use  of  a  W-WC-C  dayer  at  the  sliding  interface. 
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Figures  5a,  5b,  5c  show  SEM  photomicrographs  of  the  wear  surface  of  100|im  thick  W-WC-C 
layer  on  a  copper  substrate  after  a  high  speed  wear  test  on  the  sliding  electrical  contact  tester. 
At  low  magnification,  the  profile  of  the  rotor  surface  appears  to  be  replicated  on  the  contact  sur¬ 
face  with  a  series  of  evenly  spaced  troughs  running  horizontally.  At  higher  magnification,  a 
loose  wear  particle  with  approximately  20  p,m  dimensions  is  visible  at  the  bottom  of  the  photo. 
A  high  ma^ification  view  of  the  bottom  of  a  wear  trough  shows  loose  particles  with  1-2  )Xm 
dimensions  distributed  on  the  substrate  which  has  retained  the  original  nanosized  structural  fea¬ 
tures. 

A  major  concern  in  the  operation  of  high  speed  sliding  contacts  remains  the  control  of  tempera¬ 
ture  at  the  sliding  interface.  While  many  of  the  heating  sources  are  identifiable,  it  is  less  clear 
how  this  heating  influences  contact  performance  especially  at  the  microstructural  level  of  con¬ 
tact  spots.  Wear  mechanism  maps  (26)  need  to  be  developed  to  clarify  the  regimes  in  which 
phenomena  such  as  oxidation  and  melt  lubrication  are  likely  to  operate.  This  work  contributes 
some  data  towards  the  eventual  development  of  such  maps  for  devices  fabricated  from  high 
performance  composite  materials. 
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It  has  become  increasingly  recognized  that  interfacial  considerations  will  ultimately  determine  the 
success  or  failure  of  a  particular  metal  matrix  composite  (MMC,  broadly  interpreted  to  include  precipitation  as 
well  as  dispenion  strengthened  alloys)  consisting  of  phases  selected  on  the  basis  of  attractive  properties  of  the 
homogeneous  phases  alone.  While  each  basic  principle  for  selecting  phases  to  give  the  desired  interfacial 
properties  may  be  well  known,  there  has  not  been  a  concise  discussion  of  all  of  them  in  any  one  place  nor  has 
there  been  a  general  discussion  of  how  one  might  achieve  these  desired  interfacial  prop^es.  The  desired 
interfacial  prc^rerties  are,  of  course,  high  strength,  absence  of  brittleness,  and  themul  stability. 

A  successful  high  temperature  allc^  must  be  resistive  to  chemical  attack  in  the  atmosphere  such  as  ar  to 
which  it  is  subjected  or  an  effective  protective  coating  is  required.  This  is  a  large  important  field  of  alloy 
develtmment  study  but  the  principles  of  oxidation  or  other  chemical  attack  prevention  will  not  be  discussed 
here.  If  the  alloy  needs  an  outer  protective  coating,  we  will  assume  such  a  coating  has  already  or  can  be 
developed. 

Thermal  stability  requires  that  the  phases  do  not  react  to  form  undesirable  phases  and  that  the  structure 
does  not  excessively  coarsen  during  fabrication  or  at  the  temperature  of  application.  The  safest  approach  is  to 
start  the  MMC  design  with  phases  that  are  in  equilibrium  with  each  other. 

High  strength,  of  course,  requires  strong  bonding  across  the  interface.  Absence  of  brittleness  at  the 
interface  between  pham  would  seem  to  be  best  achieved  by  having  the  bonding  be  to  a  large  degree  metallic  in 
nature.  This  means  there  should  be  a  high  degree  of  meuUic  bonding  in  the  phases  themselves,  i.e.,  they 
should  be  metallic  solid  solutions  or  intermetallic  compounds. 

For  a  number  of  reasons  interfacial  energy  is  a  key  property  which  must  be  taken  into  consideration. 
As  is  weU  known,  the  fracture  energy  to  make  a  unit  area  of  future  at  the  interface  is 

“IF-Ya  +  ip-YaP  (D 

where  "fa  and  yp  are  the  surface  energies  of  a  unit  area  of  each  phase  while  Yap  is  for  the  interface.  Small  Yop 
is  desired  to  make  fp  large.  Thus  dispersions  of  high  interface  energy  particles  are  expected  to  be  more  subject 
to  interfacial  fracture.  Such  particles  are  often  microvoid  initiators  during  creep  or  cyclic  loading  leading  to  early 
fracture. 

If  dispersion  strengthening  is  part  of  the  design  of  the  MMC  then  the  spacing  between  particles  must  be 
small  because  the  stress  to  force  dislocations  between  particles  in  the  absence  of  thermal  activation  is 
approximately 


Tbp-Gb//  (2) 

where  G  is  the  shear  modulus,  b  is  the  dislocation's  Burgers  vector,  and  /  is  the  spacing  betweeri  particles 
along  the  dislocation  line.  For  tbp  to  be  large,  >  must  be  very  small,  approximately  100  times  b  or 
approximately  30  nm.  This  must  be  achieved  in  the  microstructure  to  obtain  the  desired  dispersion 
strengthening.  Such  values  of  I  require  rather  small  particles  even  if  the  volume  fraction  is  large.  Thus 
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excessive  particle  coarsening  at  the  temperature  of  application  cannot  be  tolerated.  Such  coarsening  may  be 
accelerated  by  stress  applicanon. 

Interfacial  energy  drives  dispersed  panicle  coarsening  (Ostwald  ripening).  If  the  rate  is  controlled  by 

volume  diffusion  (VDC)  in  the  matrix,  then  the  LSW  theory  (1)  tells  us  that  the  average  particle  size  r  varies 
with  time  t  as  follows: 


.3 
r  ~ 


kT 


t 


(3) 


where  Db  i*  the  volume  diffusivity  of  the  rate  controlling  component  in  the  matrix  and  Cb  is  its  solubili^  in  the 
matrix  at  absdute  ten^ieratuie  T.  vP  is  the  partial  atom  volume  of  B  component  in  the  dispet^  phase.  Later 
modifications  of  this  theory  (2,3)  take  account  of  volume  fraction  of  p  due  to  overlap  of  diffusion  fields  of 
neighboring  particles.  Another  factor  9  is  introduced  which  increases  with  the  volume  fraction  (Vf)  of  p.  Thus 
for  small  coarsening  rate  and  for  microstmctural  stability,  the  product  is  important  and  needs  to  be 

small. 


Alternatively,  the  reaction  at  the  interface  (1)  may  control  the  coarsening  rate  (IRC),i.e.,  the  rate  at 
which  atoms  attach  themselves  to  the  growing  particles  is  slower  than  the  slowest  solute  diffusion  rate.  Then 
the  diffusion  gradient  near  the  particle  is  veiy  small  and  no  or  very  small  effect  of  Vf  on  coarsening  rate  is 
expected.  In  any  respect  the  slowest  process  controls  the  coarsening  rate.  ' 

Coherent  particles  often  grow  by  the  ledge  mechanism.  Ledges  commonly  occur  on  the  interface  and 
growth  occurs  bv  ledge  movement  (4).  Most  particles  have  curved  interfaces  with  the  matrix  while  coherence 
requires  planar  internees.  Thus  a  macroscopically  curved  interface  must  be  made  up  of  small  planar  areas 
terminating  in  ledges  and  there  is  a  vety  large  number  of  ledges  to  facilitate  growth.  In  the  authors'  opinion 
interface  growth  by  the  ledge  mechanism  is  most  often  rapid  and  not  rate  controlling  in  the  absence  of  impurity 
segregation.  However,  impurity  segregation  may  be  an  effective  way  to  slow  coarsening  by  "poisoning"  the 
ledges  causing  interface  drag. 

There  it  still  another  reason  why  low  interfacial  energy  is  desirable  in  an  MMC.  High  interfacial  energy 
particles  tend  to  be  located  at  grain  boundaries.  The  change  in  interfacial  energy  to  form  such  segregated 
particles  it 


ArH2yap-Ygb.  (4) 

Thus  if  Yap  is  high,  it  is  energetically  vety  favorable  for  the  particles  to  be  located  at  grain  boundaries  rather 
than  within  the  grains.  At  is  well  known  high  interfacial  energy  particles  at  grain  boundaries  are  particularly 
effective  initiators  of  failure  due  to  cavitation  under  creep  or  fatigue  loading  at  high  temperatures.  Further, 
diffusion  is  more  rapid  along  grain  boundaries  so  excessive  Ostwald  ripening  may  be  a  problem  if  Cb  is  not 
low. 


What  are  the  possibilities  for  achieving  low  energy,  strong,  and  ductile  interfaces  between  phases  that 
will  not  transform  or  react  to  form  undesirable  phases  during  processing  or  at  the  high  tem^rature  of 
application?  As  already  mentioned  metallic  solid  solutions  and  intermctallics  would  seem  most  promising  for 
giving  strong  ductile  metallic  type  bonding  across  the  interface  and  equilibrium  between  phases  is  desired,  i.e., 
phases  which  are  present  in  the  same  phase  Held  of  the  phase  diagram. 

One  way  of  lovkvring  the  interfacial  energy  is  by  Gibbs  adsorption.  The  Gibbs  adsoipdon  equation, 

dY  =  iridjrj  (5) 


tells  us  that  segregation  of  a  solute  at  the  interface  will  lower  the  interfacial  energy.  In  Eq.  5  fj  is  the  number  of 
adsorbed  atoms  of  component  i  per  unit  area  of  interface  and  pj  is  the  chemical  potential  of  the  matrix  or 
dispersed  iriiase.  Of  couiae  such  segregation  must  not  cause  embrittlement  such  as  by  increasing  the  ionic  or 
covalent  cniuracter  of  the  interface  bonding,  rendering  the  doped  alloy  unusable.  The  interfacial  energy  may  be 
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reduced  through  reduction  in  misfit  energy  by  Gibbs  adsorption  without  changing  the  character  of  the  metallic 
binding.  The  preferred  way  to  achieve  a  low  energy  interface  is  by  having  planes  of  similar  structure  and 
nearly  the  same  atomic  spacing  face  each  other  across  the  interface.  Inierfacial  considerations  are  also  important 
in  achieving  an  oxidation  resistant  coating  for  a  high  temperature  alloy  but  this  is  another  subject. 

What  are  the  possibilities  for  achieving  these  desirable  interfacial  properties  in  a  real  system?  The 
classical  example  is  the  Ni  based  superalloys  which  are  naturally  formed  metal  matrix  composites,  that  is  by 
solutioning  and  precipitation  heat  treatment.  The  LI2  structured  dispersed  phase  is  coherent  and  coplanar  with 
the  A1  structured  Ni  based  solid  solution  matrix,  i.e., 

{100}^,  II  {100}l,,  and  <100>a,  II  <100>i,,^. 

and  the  habit  plane  is  {100}.  Both  have  F-type  unit  cells.  This  is  the  most  successful  series  of  high 
temperature  alloys  to  date,  but,  of  course,  lower  density  and  higher  operating  temperature  without  sacrificing 
stiffness  or  even  with  increas^  stiffness  are  goals  which  underpin  much  current  research.  There  are  other 
examples  of  coherent-coplanar  Llj  structural  precipitates  in  aluminum  structured  matrices.  AljLi,  Al3Zr,  AIsTi, 
Al3{Zr,V),  and  Al3(Zr,Ti)  (5)  in  aluminum  aiiny  matrices  are  examples,  but  unfortunately  all  of  these  LI2 
phases  are  metastable. 

An  interesting  case  of  a  similar  orientation  relation  occurs  with  MgFe204  precipitates  in  MgO  (6).  The 
former  has  the  HI  1  (spinel)  structure  while  the  latter  has  the  B 1  (NaG)  structure.  Both  also  are  bas^  on  cubic 
F-type  unit  cells  and  again  {100}Bt  II  {100}hIj  and  <1(X)>bi  II  <100>hi  but  the  interface  plane  is  {111}  in 
both  phases  in  contrast  to  { 100}  for  the  A 1 -LI2  case.  The  origin  of  this  difference  is  not  known. 

The  relationship  between  the  A2  and  B2  structures  which  have  1  unit  cells  is  identical  to  that  between 
the  A1  and  LI2  structures,  i.e.,  coplanar-coherent  interfaces  may  be  achieved  if  the  lattice  parameters  arc  nearly 
the  same  and  of  course  many  metals  have  the  A2  structure  and  B2  is  a  very  large  class  of  compounds. 
Precipitation  of  NiAl  in  Fe  has  this  property  and  again  the  interface  is  { 100}  in  both  phases  (7).  NiAl  has  a 

higher  melting  temperature  than  Ni3Al  (Y),  1640  compared  to  1387*C  and  Fe  has  a  higher  melting  temperature 
than  Ni,  1538  compared  to  1455‘C.  Thus  Fe  based  sujreralloys  are  a  worthwhile  objective  (  for  example, 
alloyed  with  Cr  to  stabilize  the  A2  structure  and  give  oxidation  resistance).  Giromium  (also  B2  structured) 
melting  at  1 863’C  is  almost  400*  higher  than  that  of  Ni  and  perhaps  is  worthy  of  further  study  as  the  basis  for  a 
useful  high  temperature  alloy. 

While  lattice  parameter  matching  with  similar  structures  is  one  way  to  obtain  low  energy  interfaces, 
there  may  be  special  orientation  relations  which  give  interface  matching  even  though  the  lattice  parameters  and 
structures  arc  different.  The  classical  example  in  the  metallurgical  literature  is  the  Kurdjumow-Sachs  relation, 
{lll}At  II  {110}a2  and  <110>ai  II  <111>A2  between  martensite  and  ferrite.  Another  example  is  {111}ai  II 
(0001)a3  and  <1  10>ai  II  <21  10>a3  between  the  A1  and  A3  structured  phases  in  cobalt.  While  the  interface 
plane  in  cobalt  is  the  close  packed  plane  in  both  phases,  { 1 1 1  }ai  and  (0<X)1)a3,  in  the  steel  case  to  achieve 
lattice  matching  the  undistorted-unrotated  habit  plane  (the  interface  plane)  is  different  than  the  parallel  planes.  It 
is  {225}ai  in  medium  carbon  steels. 

The  low  energy  interface  plane  examples  cited  have  all  been  prepared  by  solid  state  phase 
transformation.  Rapid  solidification  processing  gives  the  alloy  designer  much  greater  freedom  in  selecting 
phases  and  systems.  The  best  high  temperature  aluminum  alloy  developed  to  date  is  a  rapidly  solidified  alloy 

based  on  the  Al-Fe  system  with  Si  and  V  additions  (8).  During  processing  the  compound  a-Ali2(Fe.9V.i)Si 
forms  in  the  matrix.  This  is  complex  I  lattice  cubic  with  138  atoms  per  unit  cell,  but  the  lattice  parameter  is 
1.261  nm  which  is  11  times  that  of  Al.  The  dispersed  particles  are  thermodynamically  stable,  spherical  and 
coherent  with  the  matrix.  The  Al3(Zr,V)  and  Al(Zr,Ti)  dispereion  strengthened  aluminum  alloys  referred  to 
earlier  were  also  made  by  rapid  solification  processing. 

If  the  dispersed  phase  is  put  into  a  MMC  by  mechanical  mixing  then  reorientation  of  the  particles  to 
reduce  the  interfacial  energy  is  not  expected  unless  recrystallization.  coarsening  of  the  particles,  or  hquid  phase 
sintering  has  been  made  to  occur.  High  energy  rate  processing  (9)  may  possibly  give  reorientation  of  the 
matrix  and  particles  because  very  high  temperatures  are  achieved  for  very  short  periods  of  time.  Also  reactive 
sintering  of  the  elements  or  precursors  to  give  an  MMC  alloy  may  possibly  lead  to  low  interfacial  energy 
orientation  relations.  Therefore,  the  authors  believe  it  is  worthwhile  to  consider  what  kinds  of  phases  might 
give  low  enerp-  interfaces,  assuming  that  phase  reorienution  can  be  achieved,  when  the  processing  starts  with 
mechanical  mStinis  or  alloying  rather  than  melting. 


268 


910 


METAL  MATRIX  COMPOSITES 


Vol.  22,  No.  6 


The  Ti-Al  system  has  much  current  interest  because  Ti  melts  at  1672°C  and  these  alloys  have  the 
possibility  of  low  density  combined  with  high  melting  point  Further,  Nb  stabilires  the  A2  structure  in  Ti  and 
raises  the  melting  temperature  still  higher  (10).  The  intermetallic  ’TiAl"  has  the  LIq  structure  but  the  c/a  ratio  is 
1 .02  so  it  is  nearly  cubic  (II).  One  might  anticipate  a  K-S  relation  between  B  stabilized  Ti  and  LIq  "TiAl", 
alloyed  to  lower  the  c/a  ratio,  because  the  interatomic  t.pacing  in  TiAl  and  the  A2  structured  Ti-Nb  solid  solution 
are  both  approximately  0.28  nm.  An  interface  plane  close  to  that  in  steel  might  also  be  expected. 

Alloy  theory  is  progressing  to  the  point  where  the  stability  of  alloy  phases  may  be  predicted.  Nb3Si 
has  the  LI2  structure  but  alas  it  is  only  stable  between  1783  and  19S3’C  (12).  If  it  could  be  further  stabilized 
by  ternary  additions  (adding  or  subtracting  electrons),  then  it  becomes  an  attactive  comb  ration  with  Mb  for  a 
refractory  metaJ  bas^  superalloy.  Since  Nb  has  the  A2  structure,  again  the  K-S  relati  ns  may  be  made  to 
occur. 


Many  metalloid  intermetallics  like  NbC,  NbN,  TiC,  TiN  have  the  B1  structure.  In  adding  a  carbide, 
nitride,  boride  or  oxide  to  a  metallic  matrix  it  is  important  to  select  a  compound  which  is  more  stable  than  the 
solvent  in  the  matrix.  A  case  in  point  is  SiC  added  to  aluminum  where  a  reaction  to  Si  and  AI4C3  may  occur 
which  embrittles  the  interface  (13).  TiC  or  TiN  are  more  promising  from  this  point  of  view  (14). 

In  forming  a  dispersion  between  an  A2  metal  plus  a  metal  interstitial  compound  care  must  be  taken  to 
assure  that  the  interstitial  compound  does  not  dissociate  with  some  of  the  interstitial  dissolving  in  and 
embrittling  the  matrix.  Again,  a  compound  should  be  selected  with  a  lower  free  energy  of  formation  versus  T 
curve  than  that  of  the  interstitial  with  the  matrix.  For  example  TiN  has  such  a  relation  with  chromium  nitride 
and  would  be  a  candidate  for  dispersion  strengthening  of  Cr  ( 1 4). 

The  lattice  parameters  of  the  B 1  structured  metal  carbides  and  nitrides  are  larger  than  those  of  the  A2 
metals  (11):  however,  if  the  1(X)  plane  of  the  A2  metal  is  rotated  45°  with  respect  to  the  1(X)  plane  of  the  B1 
compound  so  that  {1(X)}a2  II  {100}bi  and<110>A2ll  <i00>bi,  then  good  matching  between  the  100  face  of 
the  F  cell  so  defined  for  the  A2  meul  and  a  100  face  of  the  B I  compound  may  be  achieved.  For  example,  a 
<1 10>  for  Cr  is  0.407  nm  and  tliat  for  cubic  (Re.6W,4)C6  is  0.406  nm  (1 1). 

Many,  many  more  examples  can  no  doubt  be  found,  but  these  suffice  to  illustrate  the  principles  which 
have  been  discussed. 
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ABSTRACT 

The  consolidation  response  of  powders  of  the  superconducting  compound 
YBa2Cu307,g  is  reported.  Cu,  Ag,  Sn  and  Cu-based  metallic  glass  infiltrants 
have  also  been  employed  in  preliminary  fabricability  studies.  The  processing 
approach  relies  on  short  duration  (<  Is),  high  current  density  (10^  A/cm-), 
pulse  resistive  heating  of  powders  under  applied  pressures  of  200  MPa  to  400 
MPa.  Powders  and  fabricated  disk  compacts  were  characterized  by  X-ray 
diffraction,  optical  and  scanning  electron  microscopy,  and  resistivity 
measurements.  X-ray  diffraction  comparisons  of  starting  powder  and 
consolidated  material  show  retention  of  the  single  phase  1-2-3  structure  and  the 
development  of  a  preferred  orientation.  In  the  consolidated  pure  YBa2Cu302.g  , 
Tg  onsets  of  87K  were  accompanied  by  broad  transitions.  locometric  analyses 

indicated  oxygen  depletion  in  the  as-consolidated  disks.  Observed  oxygen 
content  profiles  across  the  sample  thickness  had  values  0.H<  3  <  0.35.  The 
variation  in  the  peak  processing  temperature  within  the  disk  was  found  to 
correlate  with  the  oxygen  content  profile. 
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INTRODUCTION 


It  is  evident  that  the  promise  of  the  new 
high-temperature  ceramic  superconductors  will  not  be 
realized  without  an  intense  materials  science  and 
engineering  effort  focused  on  converting  these  oxide 
powders  into  useful  bulk  forms.  The  general  limitations 
of  the  conventional  press  and  sinter  ceramic  processing 
approach  (1)  are  likely  to  be  amplified  by  the 
sensitivity  of  the  superconductivity  transitions  to 
oxygen  content  (2). 

It  has  been  shown  that  the  composition  YBa2Cu30jj  has 

values  6<x<7  (3,4).  The  superconducting  orthorhombic 
phase  exists  over  a  range  of  x  near  7  while  a 
semiconducting,  tetragonal  structure  exists  for  x=6. 
Indeed  the  narrow  stoichiometric  limits  for  oxygen  in  the 
•90K'  superconducting,  orthorhombic  structure  appear  to 
be  a  major  challenge  in  the  proces.-.ing  of  these 
materials.  It  has  been  observed  that  post  sintering 
reoxygenation  of  the  material  is  a  useful  tool  in 
assuring  the  return  of  the  '9CK’  superconductivity  (4). 
However,  the  practical  fabrication  of  bulk  forms  and 
composite  bulk  forms  will  require  poar-shaping  annealing 
in  a  controlled  atmosphere  and  over  a  narrow  temperature 
range . 

Useful,  small-section  forms  have  been  successfully 
fabricated  at  a  number  of  laboratories.  In  particular, 
the  fabrication  of  wires  ,  tapes  ,  and  coils  has  been 
reported  (5-7) .  In  this  work,  we  report  the  preliminary 
results  on  the  consolidation  of  thin  disks  from  YBa2Cu30jj 

powcers  by  the  use  of  a  novel  high  energy  high  rate 
approach  employing  subsecond  high-current  pulses  from  a 
homopolar  generator  or  capacitor  bank. 


271 


EXPERIMENTAL 


Yttrium-barium-copper-oxide  disks  54  mm  in  diameter 
and  0.6  mm  thick  were  produced  by  consolidating 
seven-gram  quantities  of  the  oxide  powders.  Powder  blends 
of  the  elemental  powders  of  Cu,  or  Ag  ,  cr  Sn  with  the 
YBa2Cu30jj  were  consolidated  into  disks  25mm  or  50  mm  in 

diameter  with  masses  of  lOg  to  SOg.The  metal: oxide  ratio 
was  varied  from  5%  to  50%  by  mass.  In  a  third  approach, 
preconsolidated  disks  were  infiZcrateo  with  a  Cu-based 
metallic  glass  (mass  %  77Cu,  6  Ni,  10  Sn,  7  P) . 

Two  types  of  t^ulsed  pcv.-er  sources  were  employed  in 

the  processing.  A  510  ^IF,  1_  kV  capacitor  tank  was  used 
for  the  low  energy  consolidations,  and  a  10  MJ  homopolar 
generator  for  the  high  energy  r  r-nsolidaticns .  Both 
sources  produce  high-current  pulses  with  subsecond 
duration.  The  capacitor  bank  discharge  developed  a  peak 

current  of  =100  kA  at  100  fXs .  Energy  inputs  at  the  100 
J/g  level  were  used.  The  hcnopolar  generator  developed 
peak  currents  of  =60  kA  at  200  ms  to  deliver  the  5000 
J/g  energy  level  chosen.  Consolidation  was  performed  in 
insulated  dies  under  applied  pressures  of  30  ksi  (207KPa) 
to  75  ksi  (517MPa) .  Details  of  the  general  procedure 
have  been  reported  elsewhere  (8) . 

Figure  1  shows  the  processing  parameter  matrix 
employed  for  the  YBa2Cu30jj  powders.  The  dies  and  powders 
were  initially  at  ambient  temperature.  Consolidation  was 

performed  in  laboratory  air  (72®?,  50%RH) .  Specimens  A, 
B,  C  and  D,  consolidated  by  the  short-pulse  capacitor 
d.  -Charge,  are  referred  to  as  low-energy  consolidations. 
Specimens  E  and  F,  consolidated  by  the  homopolar 
vgenerator  discharge,  are  referred  to  as  high-energy 


272 


pressures  <  300  MPa  (  45  ksi  ),  copper  electrode/plungers 
were  used  for  energy /pressure  transfer  to  the  oxide 
powders.  For  presi  ares  >  300  MPa  (  45  ksi  )  AISI  4'iG 
stainless  steel  electrodes  were  employed.  The  voltage 
drop  across  the  compact  and  the  magnitude  of  the  current 
were  recorded  during  the  pulse.  The  product  of  these 
values  was  used  to  obtain  the  power  curve  during  the 
pulse.  The  power  curve  was  numerically  integrated  to 
produce  the  total  energy  input  to  the  specimen.  Division 
cf  the  total  energy  input  by  the  r..ass  consolidated  yields 
the  specific  energy  input  (SEI)'in  units  of  J/g.  A  set 
of  curves  for  specimen  E  is  shown  in  Figure  2 . 

RESULTS  AND  DISCUSSION 

A.  Processing  Response 

Specimens  A/  B  and  C,  consolidated  at  low  energy 
and  under  increasing  pressure^  all  retained  the  original 
pov;der  structure,  judged  by  a  comparison  of  the 
pre-consolidation  and  post-consolidation  x-ray 
diffraction  profiles  of  the  single-phase,  orthorhombic 
YBa2Cu30jj.  Post-consolidation  analysis  of  specimen  D 

showed  BaC03  contamination.  We  speculate  that  this  was 
due  to  moisture  (H2O)  pick-up  prior  to  consolidation. 

All  these  low  energy  consolidated  disks  exhibited  the 
Meissner  effect  at  liquid  nitrogen  temperature.  This  was 
considered  a  qualitative  confirmation  of  the  high  T^. 

properties  of  the  post-consolidated  YBa2Cu30jj. 

The  in-process  voltage  drop  across  the  compacts  in 
this  pressure  range,  which  is  roughly  proportional  to  the 
resistance,  showed  a  continued  decrf-ase  with  increasing 
pressure.  As  indicated  in  Figure  3,  the  rate  of  decrease 
in  room-temperature  resistance  vs  pressure  also 
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dirr.in:.shes  with  increasing  pressure.  A  value  of  2 
miili-ohm  is  reached  at  517  MPa  (  75  ksi  )  .  The  low 
energy  consolidations  (A,  B,  '  and  D)  defined  the 
processability  of  the  material  using  the  high  energy-high 
rate  approach.  Pararc-ters  for  specimens  E  and  F  were  set 
to  seek  the  high  energy  ti.reshold  for  pulse  resistive 
heating  of  the  material.  Specimen  E  exhibited  limited 
solic-state  infiltration  of  the  copper  electrode  into  the 
compact  due  to  softening  at  the  compact /electrode 
interface.  Back-extruded  flash  developed  on  the 
periphery  of  specimen  F  consolidated  with  a  specific 
energy  input  of  5,500  J/g. 

F: .  Structure/Processing 

The  morpholcgy  of  the  as-consolidated  yBa2Cu30jj  is 

shown  in  Figure  4.  The  pre-consolidated  powder  particle 
shapes  are  retained  in  the  low-energy  consolidated 
material,  Figure  4(a).  At  high  energy,  Specimen  F,  a 
melted  and  resolidified  surface  morphology  is  evident, 
Figure  4  (b) .  The  resolidified  material  shows  extensive 
cracking.  This  cracking  may  be  due  to  thermal  shock  or 
to  the  volumetric  change  during  resolidification. 

In  DTA  studies  of  YBa-CujO-^  heated  at  20  deg/min.  in 
air,  we  observed  a  melting/decomposition  endotherm  at 

1030  ®C.  The  threshold  for  this  endotherm  shouid  be 

shifted  higher  by  the  heating  rate  of  =10^  deg/min.  in 
the  homopolar  generator  consolidation  possibly  allowing 
short-time  higher  temperature  processing.  Our  studies  of 
these  high  heating  rate  effects  on  rhe  stability  of  the 
superconducting  orthorhombic  structure  are  expected  to 
provide  insights  into  the  usefulness  of  these  materials 
for  potential  application  as  pulse-loaded  elements  in 
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high  energy  storage  aevicts.  Elements  such  as  switches 
will  be  incorporated  into  circuits  containing  metallic 
conductors.  Efficient  energy  transfer  at  ir-'- tal-ceramic 
superconductor  interfaces  becomes  critical.  C-  e  to  the 
localized  pulse  resistive  heating  that  develops  at  the 
interface  between  the  metallic  electrode  and  the 
consolidated  material/  this  processing  technique  also 
allows  an  examination  of  such  metal-ceramic  joints.  The 
apparent  sensitivity  of  the  YBa2Cu307  chemistry  to 

prolonged  1000  “C  exposure  limits  the  use  of  conventional 
techniques  for  the  study  of  bonding  of  this  material  to 

metallic  copper  (Tj,,=1083  ®C)  .  Tne  subsecond 

high-temper.-ture  exposures  in  the  high  energy-high  rate 
processing  makes  it  an  attractive  approach  for  such  a 
study. 

The  tight  interfacial  bonds  observed  in  Specimen  E, 
between  the  Cu  electrode  and  the  YBa2Cu30jj  compact/  Figure 

5/  suggest  that  the  netal-or.ide  eutectic  bonding 
mechanism  (9)  known  to  exist  in  the  copper-oxygen  system 
may  be  operative.  The  mechanism  involves  the  formation 

of  a  Cu-0  liquid  eutectic  at  1065  °C.  It  has  been 
reported  that  strong  bonding  to  copper  has  been  achieved 
vie  this  mechanism  for  a  number  of  single  oxides  (10) . 

C.  Metal-oxide  composites 

Sn-  YBa^Cu^Q^  In  this  system  layered  structures  developed 

and  severe  crazecracking  was  observed.  XRD  indicated  that 
a  variety  of  tin  oxides  were  formed/  along  with  an 
oxygen-dep-eted  1-2-3  orthorhombic  phase. A  Tc  onset  of 
80K  was  observed/  followed  by  a  slow  decrease  in 
resistance  to  77K.  Figure  6  shows  the  resistance 
measurements  on  the  as-consolidated  materiel. 
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Cu-  YBa2"U2.^jl^  ^  homooeneous  structure  was  obtained  in 

this  system  through  controlled  processing  with  low  energy 
inputs  but  oxygen  depletion  was  still  evident. In  the 
as-processed  conditicr;,  a  superconductive  transition  is 
observed  at  98K  following  sen.iconductive  behavior/  as 
shown  in  Figure  7.  Upon  annealing/  the  copper-rich 
regions  tranformed  to  copper  oxides.  These  oxides  appear 
to  inhibit  a  transition  to  corp'ete  superconductivity 
(zero  resistance)/  as  indicated  in  Figure  8. 

Ag-  YBa^Cu^Qj^  In  this  system/  some  internal  cracking  was 

evident  and  a  small  amount  of  a  Cu-Ag  eutectic  phase  wass 
formed.  A  Tc  transition  is  observed  at  90K/  as  shown  in 
Figure  9. 

Cu-based  Metallic  glass-  YBa^Cu^Oj^  The  infiltration 

arrangement  and  the  microstructure  developed  are  shown  in 
Figure  10,  The  low  melting  temperature  of  the  infiltrant 
(920K)  and  its  high  electrical  resistivity  in  the  glassy 
state  (188  nfl-cm)  aid  in  the  production  of  a  fully  dens 
product . 

In  each  of  the  four  composite  systems/  fully  dense 
structures  with  mechanical  integrity  were  obtained. 
However,  in  each  case  the  superconductive  properties  were 
adversely  affected.  The  major  common  reason  for  this 
appears  to  be  oxygen  depletion  of  the  YBa2Cu30.7. 
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Figure  1;  The  processing  parameter  matrix  employed  in  the  consolidation  of 
YBa2Cu303j  powders,  showing  the  pressure/SEI  coordinates  used  in 


processing.  Specimens  A,  B,  C,and  D  are  capacitor  bank  (I  pg^j.  at  100 
|is)  consolidations,  E  and  F  are  homopolar  generator  (I  pgjj.  at  200  ms) 
consolidations. 
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Figure  3:  Resistance,  of  Specimen  D  vs  Pressu.^e  during  pressurizing  (LResistance) 
and  depressurizing  (UResistancc)  cycle. 
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Figure  2;  Cur\’cs  indicating  the  pulse  characteristics  of  the  homopolar  generator 
discharge  employed  for  consolidating  Specimen  E. 
a)  Voltage  vs  Time  b)  Current  vs  Time 
c)  Power  vs  Time  d)  Cumulative  energy  input  vs  Time 
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Ficure  4:  SEM  Phoiomicrographs  of  surfaces  of  YBc.2^^2Px  consoliaaticns. 


<u}  Frac'iurc  surface  of  Specimen  D. 

b)  Melted  and  resolidified  region  on  surface  of  Specimen  F. 


281 


SIMULTANEOUS  CONSOLIDATION  AND  BONDING 


Figure  5:  SEM  Photomicrograph  of  polished  cross-seciior,  of  Specimen  E.  An 
Energy  Dispersive  Spectroscopy  scan  across  line  XX  reveals  the 
elemental  concentration  discontinuities  at  the  interface  between  th-: 
copper  electrode  (left)  and  Lhe  YBa2Cu50^  compact 
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Figure  7:  Resistive  transitions  in  an  as-consolidated  Cu-YEa^Cu3Cy  composite. 
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Center  for  Materials  Science  and  Knginnerinc 
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ABSTSACI 

High-Energy  High-Rate  (HEHR)  deformation 
processing  was  used  to  form  near-full  density  mctal- 
natrix  composites  (HHC's)  of  rapidly  solidified  Al-Fe- 
Ce  powders  and  SiC  particulates.  Near- full  density  was 
achieved  by  open  die  forging  of  KEHR  consolidated 
compacts,  and  by  extrusion  of  a  premixed  powder  blend. 
Tne  uniformity  of  the  SiC  distribution  in  the  matrix 
was  found  to  be  strongly  dependent  upon  the  amount  of 
deformation.  Critical  values  for  forging  reduction  and 
extrusion  ratio  were  determined.  The  HEHR  process  uses 
a  high-current  pulse  to  rapidly  heat  the  material  being 
processed.  The  elevated  temperature  exposure  time  for 
the  KEHR  process  is  usually  less  than  1  second.  Thi.s 
high-rate  process  minimizes  the  microstructural 
coarsening  of  the  rapidly  solidified  matrix  powders. 

INTRODUCTION 

The  advances  in  rapidly  solidified  (RS)  powder 
processing  have  resulted  in  a  vast  amount  of  work 
directed  toward  the  development  of  new  alloys  and 
processing  techniques  which  take  advantage  of  rapidly 
solidified  microstructures.  Several  dispersion- 
strengthened  aluminum  alloys  have  been  developed  for 
use  at  temperatures  higher  than  those  used  for  ingot 
metallurgy  alloys  11,. 2).  One  particular  group  of  F.S 
alloys  which  have  shown  promise  are  alloys  composed  of 
Al-Fe-M  (M  “  Mo,  V,  Ce,  Co,  Nil.  These  alloys  have 
high  volume  fractions  of  dispersoids  which  remain 
stable  at  high  temperatures.  In  particular,  the  Al-?c- 
Ce  alloys  remain  stable  to  316*C  i^).  Metal-matrix 
composites  (MKC's)  of  these  alu.minum  alloys  and  SiC  are 
of  considerable  interest  because  of  their  high 
strength,  high  temperature  stability,  and  specific 
stiffness  (3,4). 

The  Ai-Fe-Ce  alloys  can  not  be  processed  by 
conventional  powder  metallurgy  (P/M)  techniques. 
Typical  degassing  temperatures  of  400-50C*C  can  not  ce 
used  because  the  dispersoids  coarsen  rapidly  in  tr.is 
temperature  range  (Sj.  The  hydrated  surface  oxide 
layer  present  on  each  powder  prevents  good 
metallurgical  bonding  and  results  in  materials  which 
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fracture  prudoninantiy  .itiinK  prior  particle  boundaries. 
The  effect  of  tlx;  .siirf.’it'.u  oxide  on  the  mechanical 
propertie.s  is  redui-ed  with  the  amount,  of  hot  working 
done  after  consci  id.al  ion.  Forging  reductions  of  8CX  cr 
more  are  required  to  achieve  optimal  ductility  and 
fr.icture  toughness  I(>i. 

liigh-rnergy  ‘cigi-.-Ka! e.  (HKKR)  pow.ier  consolidation 
processing  employs  .i  fast  rising,  high-current  pulse 
from  a  10  M.I  horwipoiar  ge.nerat.or  (IIPC)  t.o  consolidate 
the  powiters  being  professed  (2»5^’  consolidation 

process  occurs  by  puise  resistive  heating  of  the 
p.irticie  in*uri.-.ces  while  under  pressure,  leading  to 
particle-pariicic  bonding.  Thu  advantage  of  HEH?. 
processing  is  tiiat  i  lie  time  at  processing  temperature 
is  very  .short,  typic.nlly  less  i  li.in  1  second.  The  fi.ne 
RS  structure,  of  the  powders  is  maintained  and 
dispersoid  co.trscning  is  kept  to  a  niiiimun.  The 
density  of  the  consolidated  composite  is  typically  in 
the  range  of  90-93"  of  the  theoretical  density. 

In  order  to  achieve  near-full  density,  KEHS 
deformation  processing  was  used.  The  techniques  used 
were  open  die  forgin-  and  extrusion  of  consolidated 
compacts  and  premised  powder  blends.  KEHR  deformation 
processing  .simply  involves  rapid  pulse  resistive 
heating  of  the  material  followed  by  application  of  high 
pressures  to  induce  plastic  flow.  The  processing  tine 
for  HEHR  deformation  processing  is  typically  arcunc  1 
to  2  seconds. 

The  ability  to  conduct  law  voltage  (*  10  V), 
kiloanpere  currer' s  tiirough  the  powders  is  essential 
for  the  HEHR  process.  The  total  bulk  resistivity  of 
the  powder  bienc  depenus  upon  several  factors  .'£* 
including  the: 

•  type  cf  matrix  material  and  its  related  surface 
oxi-tc  layer. 

•  electrical  properties  and  chemical  composition  cf 
the  rei.nfcrcement. 

•  volitme  fraction  and  uniformity  of  distribution  of 
the  reinforcement  in  the  matrix. 

•  amount  of  porosity  of  the  packed  powder  oiend  prior 
to  the  current  puise. 


-'0-: 
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The  powder  coaposire  systea  used  for  this  HQOt 
deforaetion  processing  study  was  an  Al-t.6Fe-3.7Ce  (wt 
pet)  alloy  aatrix  with  1C  volZ  o-SiC  particle 
reinforceaent.  The  alloy  powders  were  air  atoaized  by 
Alcoa.  The  cheaical  coaposition  of  the  alloy  is  given 
in  Table  1.  The  alloy  powders  ranged  in  size  froa  3  to 
44  ua  with  an  average  particle  size  of  14  pa.  The  o- 
SiC  particles  were  supplied  by  Norton  Co.  They  were 
designated  as  1200  grit  "black",  with  an  average  size 
of  3  ua  and  a  narrow  size  distribution.  SLM 
photomicrographs  of  the  starting  matrix  and 
reinforceaent  powders  are  shown  in  Figure  1. 


Table  I.  Cheaical  Coaposition  of  the 
RS  Al-Fe-Ce  Alloy  (wt  pet). 


Fe 

Ce  Si  Cu  Hg 

Zn 

Ni,Co,Cr 

A1 

8.63 

3.74  0.13  0.02  0.02 

0.05 

<0.01 

bal 

Powder  Consolidation 

HEHR  powder  consolidation  was  used  to  provide  a 
reference  microstructure  and  for  the  production  of 
specimens  for  the  open  die  forging  experiments.  Powder 
consolidation  was  achieved  by  placing  the  powders  in  an 
alumina  sleeve  as  shown  in  Figure  2.  A  compressive 
force  was  applied  by  the  ram  followed  by  a  high-current 
pulse.  The  consolidated  compacts  had  densities  of  90 
to  9SZ  of  the  theoretical  density.  Figure  3  shows  a 
cross-sectional  view  of  a  consolidated  compact.  The 
photomicrograph  shows  that  there  is  some  particle-to- 
particle  bonding,  but  no  significant  deformation  of 
individual  powders. 

Open  Die  Forginc 

HEHR  forging  was  achieved  by  placing  a  powder 
filled  container,  or  a  circular  disk,  of  the  material 
to  be  forged  between  two  graphite-coated  platens.  A 
compressive  force  was  applied,  then  the  high-current  • 
pulse  from  the  HPG,  followed  by  a  forging  stress.  A 
two  step  application  of  pressure  was  employed  in  some 
of  the  experiments  where  the  material  was  heated  before 
being  forged.  This  was  accoir.pl i'sr.tc  by  setting  the 
initial  pressure  to  <  145  MPa  (21  ks  ),  and  increasing 
the  pressure  to  between  215  and  500  MPa  (31.2-72.5  ksi) 
a  short  time  after  pulse  initiation,  typically  0.1  to 
0.3  second.  Tne  reduction  of  thickness  of  the  forged 
specimens  ranged  from  40  to  75  7,. 


Figure  1.  Al-Fe-Ce  starting  powders  (a),  and  SiC 
reinforcement  particles  (b). 


Figure  2.  HEKP.  Powder  Consolidation  apparatus. 


Three  procedures  were  used  for  the  KEHF,  open  die 
forging.  Procedure  A  achieved  consolidation  and 
forging  in  a  single  step  process.  A  prer.ixed  powder 
blend  was  packed  to  approximately  65%  full  density 
inside  a  can.  The  can  was  constructed  of  a  stainless 
steel  ring  having  an  outer  diameter  of  25.4  mm  (1  inch) 
and  a  wall  thickness  of  C.89  mm  (0.035  inch).  Tr.ir. 
stainless  steel  sheets  were  adhesively  pound  to  the  top 
and  bottom  of  the  ring  to  enclose  the  powders.  Tne 
canned  powder  assembly  was  HEHR  forged  as  described 
earlier. 

Procedures  B  and  C  used  HEHF.  consolidated 
compacts.  Procedure  B  involved  forging  of  an 
unconstrained  HEHR  consolidated  compact.  For  Procedure 
C,  the  diameter  of  HEHR  consolidated  compacts  were 
ground  to  23.67  nin  (0.932  inches).  Each  compact  was 
then  shrunk-fit  into  a  stainless  steel  ring.  Tne 
assembly  was  then  HEHR  forged. 


Figure  3.  Short-transverse  (S-T)  cross-section 
micrograph  of  HEHR  consolidated  Al-Fe-Ce+SiC. 
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Extrusion;  Processint 

HEHR'  extrusion  processing  involved  a  single 
residence  process  -  in  which  preaixed  powders  were 
consolidated  and  extruded.  The  powders  were  placed  in 
an  extrusion  assenbly  shown  scheaatically  i-  Figure  A. 
A  snail  pressure,  <145  MFa.  was  applied  to  the  ran  to 
coi^ct  the  powders  in  the  alumina  sleeve.  The  powders 
were  then  subjected  to  a  hish-cur'’ent  pulse  from  the 
HPC.  A  short  tine  after  pulse  initiation,  0.1  to  0.3 
second,  t^e  pressure  applied  by  the  ran  was  increased 
to  500  MPa,  and  the  cenpressed,  heated  powders  were 
then  extruded  through  the  die.  Experiments  were 
performed  using  extrusion  ratios  of  12:1,  10:1,  and 
7: 1.  f 

Results  and  Discussion 

The  nicrostructure  of  the  composite  processed  by 
Procedure  A  is  'shown  in  Figure  5.  As  evident  from  the 
photomicrograph,  the  density  cf  the  specimen  is  higher 
than  that  of  the  consolidated  specinen  of  Figure  3. 
Sone  porosity  remains,  and  there  is  still'  t.n 

significant  deformation  of  individual  powder  particles 
This  sample  also  shows  that  matrix  powder  bonding  only 
occurs  where  SiC  particles  are  absent.  A  substantial 
amount  of  agglomeration  of  SiC  particles  is  seen 
throughout  the  forged  specimens. 

Tne  microstructures  of  the  specimens  processed  by 
Procedures  B  and  C  are  very  similar.  However,  only 
small  samples,  <  20  mm  in  diametc.  .  can  be  forged 
without  edge  cracking  on  the  circumference  by  Procedure 
B.  Figure  6  for  Procedure  C,  shows  that  the  matrix 
powders  have  been  deformed  substantially  and  that  there 
is  some  orientation  of  the  SiC  particles  in  the  radial 
direction.  This  specimen  was  taken  from  a  disk  forged 
to  702  reduction  in  thickness.  Sear-full  density  was 
achieved  by  Procedures  B  and  C  when  the  forging 
reduction  was  approximately  SQ2  or  greater. 


Figure  4.  Schematic  diagram  of  the  extrusion  die 
assembly. 


rtgure  5.  S-T  cross-section  of  Al-Fe-Ce+SiC  composite 
processed  by  Procedure  A. 


figure  6.  S-T  cro.ss-section  of  Al-Fe-Ce+SiC  composite 
processed  by  Procedure  C. 


The  photomicrographs  in  Figure  7  show  that  powder 
extrusion  results  in  a  microstructure  similar  to  that 
of  the  forged  specimens.  Near-full  density  is  achieved 
with  extrusion  ratios  of  10:1  or  larger.  Partial 
alignment  of  the  SiC  in  the  extrusion  direction  is 
observed. 

The  distribution  of  SiC  in  the  matrix  appears  to 
be  strongly  dependent  upon  the  amount,  of  deformation. 
This  is  seen  in  Figure  3a  which  shows  SiC  particles 
outlining  matrix  powder  boundaries  for  a  sample 
processed  by  Procedure  A.  The  samples  forged  by 
Procedures  B  and  C  do  not  show  this  feature  in  regions 
wnere  the  matrix  powders  have  been  substantially 
deformed,  Figure  8b.  The  amount  of  deformation  appears 
to  promote  a  more  uniform  distribution  of  SiC  in  the 
matrix.  The  uniformity  of  distribution  of  SiC 
particles  in  the  matrix  is  a  major  contributor  to  the 
strength  and  fracture  toughness  of  the  composite  [1C;. 
The  large  strains  associated  with  the  open  die  forging 
and  extrusion  processes,  combined  with  the  predicted 
abrasiveness  o:  the  SiC  particulates,  should  result  in 
a  substantial  break  up  and  redistribution  of  the  Al-Fe- 
Ce  surface  oxide  layer. 

The  samples  processed  by  Procedure  C  were  given 
isothermal  and  isochronal  anneals.  The  results  of 
microhardness  tests  are  given  in  Figure  8.  The  plots 
show  that  I  hour  exposures  to  temperatures  of  300  and 
•i00*C  do  not  result  in  a  significant  decrease  in 
microhardness.  Alter  6  hours  at  350*C  the 
.microhardness  was  decreased  by  approximately  20Z.  This 
indicates  that  the  strengthening  contribution  of  the 
matrix  dispersoids  is  reduced  during  the  35C*C,  6  hr. 
to  2.*  hr.  heat  treatment,  presumably  due  to  disperscid 
coarsening.  Tne  nicrohardness  of  the  extruded  powders 
was  the  same  as  that  of  the  material  processed  by 
Procedure  C, 
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Figure  7.  Kicrostructurc  of  Al*rc*Cc+SiC  cor.pcsite 
before  (a)  and  afrer  extrusion  (b). 
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CONdJUSIOH 


Near-full  density  coaposites  of  Al-Fe-Ce^-SiC  were 
formed  by  HEMR  deformation  processinf.  The  flow  of  the 
matrix  promotes  a  more  uniform  distribution  of  the  SiC 
in  the  Mtrix  which, should  result  in  is^roved  strength 
and  fracture  toughness.  The  combination  of  deformation 
and  abrasiveness  of  the  SiC  particulates  should 
adequately  break  up  the  surface  oxide  layer  of  the 
matrix  powders.  It  appears  that  large  strain  HEHR 
deformation  processing  by  forging  or  extrusion  can  be 
successfully  combined  with  powder  consolidation  with 
the  retention  of  the  RS  powder  structure. 
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Abstract 

Discontinuous  silicon  carbide  reinforced  aluminum  metal-matrix  composites 
(MMC)  were  made  by  consolidating  powder  constituents  using  a  novel,  high  energy-high 
rate  process  which  employs  a  fast-rising  high-current  pulse.  The  powder  mixtures  were 
contained  in  an  insulated  die,  under  pressure,  and  were  rapidly  densificd  during  the 
discharge  from  a  homopolar  generator  (HPG),  in  a  processing  time  of  about  one  second. 
The  electrical  properties  of  the  metallic/ceramic  mixture  were  found  to  be  very'  sensitive  to 

the  relative  concentration  of  the  constituents.  Use  of  graphite-enriched  p-SiC  enabled  an 
increase  in  the  volume  fraction  of  the  ceramic  reinforcing  phase  due  to  a  better  electrical 
conductivity  associated  with  the  graphite  enriched  particle  surfaces.  Optimum  results  were 
obtained  by  using  a  multiple  electrical  pulse  technique,  discharging  the  first  pulse  at  low 

pressure  (iS  120  MPa)  and  stepping  up  the  pressure  to  about  300  MPa  on  the  second  pulse. 


Present  Address  ;  27  Weizmann  Street 
Kahariya  22404  ISRAEL 
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1.  INTRODliCTION 


Powder  consolidation  by  the  high  energy-high  rate  method  is  an  electrical  energy 
pulse  resistive  heating  type  of  process,  described  in  more  detail  elsewhere  fl,2j.  The 
metallurgical  bonding  mechanism  stems  from  the  selective  energy  deposition  at  the 
interpanicle  contacts.  The  bonding  between  metallic  particles  such  as  aluminum  can  be 
achieved  by  local  break-up  of  the  oxide  film  (incurred  at  the  compaction  stage  or  during  the 
discharge),  or  through  the  oxide  film.  The  latter  mechanism  is  possible  due  to  high  local 
electrical  field  across  the  thin  interparticle  oxide  interface,  resulting  in  a  breakdown  of  the 
oxide  layer.  The  transport  mechanism  that  leads  to  the  very  high  rate  of  densification 
which  seems  to  be  related  to  excess  plastic  deformation  is  not  yet  clear  and  was  not  pursued 
in  this  study. 

The  ability  to  conduct  the  low  voltage  (*  lOV),  hundred  kilo-ampere  current, 
supplied  by  the  homopolar  generator  (HPG),  is  an  essential  condition  for  this  process  to 
operate.  The  total  bulk  conductivity  of  the  compact  before,  during  and  after  consolidation 
depends  on  a  number  of  factors  such  as: 

1 .  Type  of  matrix  material  (aluminum  alloy  in  this  case)  and  its  relatea  surface 
oxide  and  hydrated-oxide  layer. 

2.  Reinforcement  agent  (type,  grade,  size,  shape,  size  distribution,  thermal  and 
electrical  properties  and  chemical  composition). 

3 .  The  volume  fraction  of  the  ceramic  reinforcement  phase  within  the  metal  matrix. 

4.  The  uniformity  of  distribution  of  the  ceramic-phase  panicles  throughout  the 
volume  of  the  metal-matrix  composite. 

The  fraction  of  pores  e.\isting  within  the  compact  under  the  predetermined  applied 
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pressure,  related  to  the  potential  packing  efficiency  of  the  particular  powder  blend. 

6.  The  local  temperature  which  is  developed  at  particle  surfaces  during  discharge. 

7 .  The  specific  energy  imput  (SEI)  into  the  powder  mi xture  during  pulse  discharge. 

The  present  study  was  undertaken  to  examine  the  electrical  characteristics  of  a 
system  comprising  a  metallic/ccramic  mixture  and  its  relationships  to  the  high  energy-high 
rate  consolidation  processing  parameters. 


IT.  EXPERIMENTAL  METHODS 

Selected  characteristics  of  the  powders  used  in  this  study  are  presented  in  Table  1, 
More  detailed  characterization  has  been  documented  elsewhere  [3].  'fhe  major  components 
of  the  processing  equipment  included: 

1 .  A  10  MJ  capacity,  disc-type,  single  rotor,  iron  core,  pulse-duty  HPG. 

2.  A  vertical-axis,  890-kN  (100  ton  force)  capacity  hydraulic  press. 

The  HPG  serves  as  the  pulse  power  source  which  produces  the  electrical  current 
responsible  for  the  powder  consolidation.  The  hydraulic  press  maintains  the  powders 
under  pressure  in  a  closed  die,  allowing  pre-pulse  compaction  of  the  powder  mixture, 
ensuring  a  threshold  value  of  the  electrical  conduciivit>’  of  the  compact,  and  facilitating 
rapid  thermomechanical  densification  of  the  powder  compact . 

In-process  electrical  data  measurements  (current  and  voltage)  were  recorded  by 
using  oscillographic  chart  records  during  the  pulse  duration  time.  Two  separate  current 
paths  led  from  the  HPG  through- the  press,  and  then  to  the  ground.  Both  loops  were  fitted 
with  current  measuring  capabilit)',  using  the  Rogowski  coil  method  [4] .The  voltage  drop  is 
proportional  to  the  time  derivative  of  the  total  current  passing  through  through  the  die. 
irrespective  of  the  spatial  distribution  of  that  current.  For  voltage  measurements,  a 
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connection  was  placed  on  each  platen.  The  voltage  drop  across  the  material  during 
consolidation  was  measured  using  a  fast-response  £>C  voltmeter.  This  enables  the 
determination  of  the  instantaneous  values  of  impedance  during  current  pulses. 

The  total  electrical  energy  Lntroduced  into  the  workpiece  during  the  discharge  period 
can  be  determined  from  the  following  equation: 

t=t 

Total  Energy  =  J  [V(t)  •  1(0]  dt 

t=0 

where,  V(t)  and  I(t)  represent  the  instantaneous  voltage  and  current,  respectively.  Since  the 
analytical  functions  for  the  voltage  and  current  are  not  known,  the  above  integral  can  be 
solved  numerically  by  using  the  signal  plots  for  the  voltage  and  current  versus  time.  From 
these  data,  specific  energy  input  (kJ/kg)  calculations  were  generated^  along  with  the  peak 
parameter  values. 


IIL_B£SL!LIS 

This  section  contains  experimental  data  w'hich  reflect  selected  electrical 
characteristics  of  aluminum  alloy  based  metal  matrix  composites.  Data  is  presented  which 
describe  the  influence  of  a  variety  of  pre-processed  materials  conditions.  For  various 
aluminum  alloy  powder  matrices,  the  results  show  the  influence  of  volume  fraction  of  a- 
SiC  reinforcement,  effect  of  reinforcement  ty'pe,  effect  of  graphite  content  on  the  surface  of 
P-SiC  reinforcement,  and  the  responses  due  to  variations  in  resistivity  of  the  graphite  used 
for  surface  enrichment  of  the  beta-SiC.  In  addition,  the  potential  of  a  multiple  pulse 
technique  in  achieving  powder  composite  consolidation  by  rapid  thermomechanicai 
deformation  is  presented. 
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Volume  Fraction  of  Reinforcement 


As  the  volume  fraction  of  the  reinforcement  phase  was  increased,  an  increase  in 
compact  resistivity  occurred,  reducing  the  current  flow  during  consolidation.  This  is 
demonstrated  in  Figure  1  which  is  based  on  data  taken  f*om  Al-8Fe-4Ce,  reinforced  with  5 
and  10  vol..%  a-SiC-1200  grit  "black".  The  peak  current  drops  from  about  190  kA  (MMC 
with  5  vol.  %  reinforcement)  to  100  kA  (MMC  with  10  vol.  %  reinforcement). 

Effect  of  Reinforcement  Type 

Figure  2  shows  the  comparison  of  the  instantaneous  transmitted  current  during  the 
total  consolidation  period  (1.5  -  2  seconds)  for  four  different  MMC  systems,  based  upon 
the  same  Al-matrix  (CW67)  with  different  types  of  reinforcement  (TiB2,  pure  graphite,  P- 
SiC  enriched  with  0.5%  graphite  and  a-SiC  "green").  All  four  MMC  systems  were 
processed  with  tlie  same  parameters:  25  vol.  %  of  reinforcing  phase,  applied  pressure  of 
210  MPa  and  HPG  shaft  speed  of  1,500  rpm.  Figure  2(a)  shows  a  very  large  change  in 
both  peak  current  values  and  the  peak  rise-times.  Both  TiB2  and  graphite-reinforced 
CW67A1  MMCS  show  very  high  current  peaks  (~  170  kA)  after  0.2  second  of  the 
discharge.  The  p-SiC  containing  0.5%  graphite  has  a  maximum  current  peak  of  about  80 
IcA  (after  ~  1  second)  while  the  a-SiC  "green"  reinforced  material  sustains  maximum 
current  of  ~  50  kA  (after  *■  0.7  second).  These  results  are  in  agreement  with  the  relative 
resistivities  of  these  reinforcing  phases  as  shown  in  Figure  2(b). 

Graphite  content  on  reinforcement  surface 

Metal-matrix  composites,  reinforced  with  P-SiC  which  have  been  enriched  with  a 
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different  graphite  content  (1%  vs.  5%)  resulted  also  in  noticeable  changes  in  the  electrical 
properties,  as  shown  in  Figures  3(a)  and  3(b).  Figure  3(a)  illustrates  the  current  vs.  time 
for  1%  and  5%  graphite-enriched  P-SiC  (reinforcing  (3W67A1)  and  Figure  3(b)  compares 
the  instantaneous  resistivities. 

Influence  of  graphite  resistivity 

Another  experiment  was  undertaken  in  order  to  evaluate  the  influence  of  the  grade 
of  graphite  used  to  enrich  the  P-SiC  powder  particles.  The  MMC  system  which  was 
selected  for  this  experiment  was  CW67A1+  25  vol.  %  P-SiC  enriched  with  5%  graphite  of 
two  different  grades.  The  first  type  is  known  as  ”4739''  which  is  a  natural  graphite  having 
an  electrical  resistivity  between  130-160  loH-cm.  The  other  type  of  graphite  is  trademarked 
under  "9039"  which  is  produced  from  a  petroleum  cake  and  has  a  higher  electrical 
resistivity,  relative  to  the  natural  graphite,  220  to  250  jiQ-cm.  The  plots  of  the 
instantaneous  current  and  in-process  resistivity  are  both  shown  in  Figure  4(a)  and  4(b), 
respectively.  It  can  be  seen  from  these  plots  that  the  MMC  reinforced  with  the  natural 
graphite-enriched  SiC  (the  grade  with  higher  conductivity)  ends  up  with  a  significantly 
higher  current  peak,  when  compared  with  the  compact  reinforced  with  the  more  resistive 
type  of  graphite  (100  kA  vs.  80  kA).  The  resistivity  plot.  Figure  4(b),  also  shows  the 
same  trend  of  behavior.  It  should  be  mentioned  that  this  particular  measurement  is  based 
only  on  one  experiment.  However,  these  results  are  in  agreement  with  the  trends  from  the 
ertperiments  described  previously.  In  data  gathered  from  similar  experiments  w’here 
identical  compacts  were  consolidated,  the  scatter  range  for  peak  current  was  ±10%,  which 
is  less  than  the  difference  detected  in  this  experiment. 


296 


Multiple  pulse  technique 


A  multiple  electrical  pulse  technique  was  found  to  be  advantageous  in  densifying 
those  compacts  which  contained  a  high  volume  fraction  of  SiC  powder  (usually  greater 
than  20  vol.  %),  having  a  relatively  high  initial  resistance.  Because  of  the  change  in 
resistance  of  the  compact  during  processing,  the  current  developed  during  the  consolidation 
pulse  varies  considerably.  The  rate  of  change  in  resistance  during  consolidation  decreased 
in  the  second  and  later  pulses  in  a  multiple  pulse  process,  suggesting  a  more  uniform 
current  distribution  and  therefore  restricti<Mi  of  "current  channeling”  along  preferred  paths. 

The  peak  instantaneous  power  input  introduced  into  the  MMC  compact  by  the  HPG 
during  consolidation  typically  occurred  after  approximately  O.IS  second  in  the  second  step 
of  a  two-pulse  consolidation.  This  is  the  point  in  which  the  main  densification  of  the 
powder  compact  occurred,  as  noticed  from  the  rapid  drop  in  the  resistivity  seen  in  Figure  5. 
Figure  5  also  demonstrates  the  effectiveness  of  double  discharge  on  densification 
processing,  as  illustrated  by  the  resistivity  drop  from  about  450  pfi-cm  to  250  pfl-cm  at 
the  onset  of  the  current  peak.  This  results  from  the  fact  that  the  first  pulse,  done  at 
relatively  low  energy  (corresponding  to  1000  rpm  HPG  shaft  speed),  reduces  the  green 
compact  resistivity  by  a  factor  of  2  (from  1000  uH-cm  to  500  pQ-cm),  as  shown  in  Figure 
3.  Only  then,  while  the  compact  was  still  warm,  a  second,  higher-energy  pulse  (at  1,500 
ipm)  was  applied,  which  accomplishes  the  final  consolidation. 

In  the  two-pulse  method,  the  best  results  are  obtainable  by  discharging  the  first 
pulse  with  the  compact  at  low  pressure  (<  120  MPa)  and  stepping  up  the  pressure  to 
approximately  300  MPa  during  the  second  pulse.  Another  benefit  gained  by  using  this 
technique  is  an  increased  amount  of  forging,  as  detected  from  the  total  stroke  of  the  upper 
electrode,  due  to  the  fact  that  during  the  second  pulse  the  compact  is  still  warm.  In  actual 
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experiments  it  was  found  that  for  the  same  compact  composition  and  applied  pressure,,  a 
typical  total  forging  stroke  for  a  single  discharge  consolidation  |»ocess  of  a  10  mm  thick 
compact  is  about  2mm.  After  double  pulsing  it  is  increased  to  3  mm  .  The  clear 
disadvantage  of  this  technique  is  the  fact  that  the  total  eri  ■  input  is  increased,  with  the 
possible  adverse  effects  on  the  matrix  material  microstructure  due  to  the  longer  time  at 
elevated  temperature. 


IV.  DTSCllSSTON 

The  discussion  focuses  on  characteristics  of  high  energy  -  high  rate  processed 
MMCs.  When  a  second-phase,  such  as  SiC  particulate,  is  introduced  in  a  mixture  with  an 
aluminum  alloy  powder  for  powder  composite  making  two  major  consequences  follow: 

1 .  The  bulk  resistivity  of  the  whole  compact  is  significantly  increased  since  the 
resistivity  ratio  of  SiC  to  metallic  A1  is  on  the  order  of  10*.  As  a  result,  compacts 
containing  high  level  of  ceramic  reinforcement  phase  do  not  pass  sufficient  current 
to  be  consolidated. 

2.  The  flow  characteristics  of  the  composite  material  system  changes,  which  in  turn 
affects  the  nature  of  powder  mixing,  as  well  as  powder  compaction  (or 
densification)  under  the  applied  pressure. 

The  insulating  SiC  particles  present  obstacles  to  the  current  which  cannot  pass 
through  them,  and  therefore  current  will  flow  through  the  Al-matrix  and  along  SiC/Al 
interfaces,  as  can  be  seen  schematically  in  Figure  6.  Modification  of  the  surface  electrical 
properties  of  the  reinforcement  agent  changes  the  total  capacity  of  the  compact  to  conduct 
current.  This  was  demonstrated  by  the  following  experiment:  two  different  compacts  were 
processed,  having  the  same  parameters  (type  of  .A1  powder,  reinforcement  content, 
pressure,  etc.),  in  which  the  only  variable  was  the  free  carbon  (in  graphite  form)  present  on 
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the  SiC  surface  (1%  vs.  S%).  Evaluation  of  both  consolidations  showed  that  the  resistivity 
of  the  compact  which  contained  the  lower  level  of  graphite  within  the  SiC  was  three  times 
higher,  in  comparison  to  the  S%-graphite  enriched  SiC.  This  suggests  that  the  surface 
conductivity  of  the  SiC  plays  a  significant  role  in  this  process.  Figure  7  illustrates  the 
change  in  resistivity  of  both  compacts  during  the  consolidation  period.  Figure  8  shows 
schematically  the  influence  of  a  conductor-coated  ceramic  phase  on  the  current  distribution 
within  the  metal-matrix  composite.  The  current  is  able  to  flow  through  the  graphite-rich 
interface  without  requiring  continuity  in  the  aluminum  thus  producing  an  increase  in  the 
total  bulk  conductivity  of  the  compact  The  significant  differences  in  the  electrical 
resistivities  of  compacts  containing  the  1%  and  S%  graphite-enriched  p-SiC,  as  shown  in 
Figure  3  support  this  view.  This  phenomenon  could  be  exploited  by  further  enrichment  or 
coating  of  SiC  particulates  in  order  to  increase  the  processing-limited  volume  fraction  of  the 
ceramic-reinforcement  phase  above  20  vol.  which  seems  to  be  the  approximate  upper 
threshold  for  uncoated  a-SiC.  Aluminum-coated  SiC  particles  may  be  a  good  choice  for 
Al-SiC  systems  since  the  aluminum  not  only  possesses  good  electrical  properties,  but  can 
produce  stronger  interface  bonds  than  graphite  can.  In  these  experiments  the 
metal/insulator  size  ratio  was  about  5.  The  conductivity  limits  imposed  by  relative  particle 
sizes  were  not  explored.  However,  percolation  effects  in  thick  film  resistors  indicate  that  a 
larger  volume  of  metal  is  required  for  conduction  when  the  metal  and  insulator  grains  are  of 
comparable  size.  In  a  copper/polyvinylchloride  system  with  a  1/35  size  ratio  a  4  percent 
fraction  of  copper  was  found  to  be  sufficient  for  conduction  [5]. 

The  sharp  cut-off  in  conductivity  might  lead  to  the  conclusion  that  an  anisotropic 
percolation  conduction  problem  is  playing  a  role.  This  conclusion  finds  support  from  the 
experimental  data  which  show  a  significant  increase  in  the  threshold  value  for  graphite- 
enriched  SiC.  It  is  believed  that  the  modified  powder  flow  characteristics  during  the 
blending  and  green  compaction  processes,  due  to  the  graphite  on  the  surface,  result  in  a 
more  uniform  distribution  of  the  SiC  particles  within  the  .Al-matrix,  as  can  be  observed 
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from  the  very  low  angle  of  repose,  while  mixing  the  Al/SiC  powders.  The  percolation 
threshold  for  the  system,  therefore,  will  increase  and  allows  higher  volume  fraction  of  the 
ceramic  phase  to  be  added  to  the  conductive  Al-matrix. 

V.  SUMMARY  AND  CONCLUSTONS 

The  primary  conclusion  drawn  from  the  experiments  done  is  that  the  surface-related 
electrical  properties  of  the  ceramic-reinforcing  phase  play  a  significant  role  in  the 
processing  of  MMCs  by  high  energy-high  rate  consolidation. 

The  electrical  properties  of  materials  consisting  of  a  mixture  of  metals  and 
dielectrics  are,  as  would  be  anticipated,  an  extremely  sensitive  function  of  the  relative 
concentration  of  the  components,  and  the  manner  in  which  they  are  distributed  throughout 
the  volume  of  the  material.  Thus  it  seems  that  such  systems  will  conduct  electrically  when 
the  concentration  of  the  conducting  matrix  (Al)  exceeds  a  critical  minimum  value.  For  a 
three-dimensional  system,  this  would  correspond  to  a  critical  volume  fraction  and  to  a 
critical  cross-section  area  fraction.  McLachlan  [6]  has  proposed  that  for  binary  resistor 
networks,  the  number  of  contacts  multiplied  by  their  areas  -  an  effective  contact  area  per 
unit  volume  fraction,  may  be  is  a  more  accurate  representation  of  a  continuous  conducting 
host  component  with  embedded  insulator  grains.  Using  the  graphite-enriched  P-SiC 
enabled  an  increase  in  the  volume  fraction  of  the  ceramic  reinforcing  phase.  This  was  due 
to  a  better  electrical  conductivity'  associated  with  the  graphite  on  its  surfaces.  The  influence 
of  graphite  lubricity  on  cold  packing  may  have  also  contributed  to  this  conductivity 
improvement. 
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Table  1:  Characteristics  of  Powders  Used  in  this  Study* 


Designation 

Material 

Supplier 

Features/Dimensions 

Matrix  A 

Aluminum  Alloy 
(CW67) 

ALCOA 

Air-atomized 

Gassifled  to  -  325  mesh 

APD  =  14pm 

Matrix  6 

Aluminum  Alloy 
(Al-8Fe-4Ce) 

ALCOA 

Air-atomized 

Gassiried  to  •  325  mesh 

APD  =  14pm 

Reinforcement  A 

Black 

a-SiCp 

Norton 

1200  grit  -  (~3pm) 

Reinforcement  B 

P-SiCp 

Superior  Graphite 

500  grit  (17pm) 

Reinforcement  C 

Green 

a-SiCp 

Norton 

1200  grit  (•'3pm) 

Reinforcement  D 

TiB2  Grade  D 

H.  C.  Starck 

<1000  grit 

Reinforcement  E 

Graphite  No.  4935 

Superior  Graphite 

1000  grit  (5pm) 

Reinforcement  F 

Graphite  "4739" 
enriched  P-SiCp 

Superior  Graphite 

1000  grit  (5pm) 

Reinforcement  G 

Graphite  "9039" 
enriched  P-SiCp 

Superior  Graphite 

1000  grit  (5  pm) 

"More  detailed  microstructural  characterization  of  these  materials  is  reported  in  Ref.  3. 
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Current  (KA) 


Current  (5%  &  H)%a  -SiCp)  vs  Time  (#366  &  367) 


Time  (ms) 


Figure  1*  Comparison  of  the  effect  of  volume  fraction  of  reinforcement  on  cumnt  vs 

**  ’  time  curves  for  Matrix  A  reinforced  with  5%  and  10%  volume  fractions  of 

Reinforcement  A  processed  with  equal  amounts  of  stored  energy. 
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Time  (ms) 


b)  Compmson  of  the  resistivities  during  processing  of  the  composites  in  2(a) 
with  the  SiCp  Reinforcements  B  and  C. 


Figure  3:  a)  Influence  of  surface  graphite  content  on  tlie  current  flow.  The  composite 
consisted  of  Matrix  A  with  25  volume  percent  of  P-SiCp  with  1%  or  59c 
graphite. 
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Resistivity  vs  time  (#317  &327) 


b)  Comparison  of  the  resistivities  of  the  composites  in  3(a)  during  the  process. 
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Current  vs  Time  (#330  &  332) 


Figure  4: 


Comparison  of  the  influence  of  the  type  of  graphite  on  the  current  flow. 
The  composite  consisted  of  Matrix  A  +  25  volume  percent  of 
Reinforcements  F  and  G. 
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Resistivity  (liO-cm) 


Resistivity  vs  Time  (#330  &  332) 


b)  .Comparison  of  the  resiiivities  of  the  composites  in  4(a)  during  the  process. 
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IN-PROCESS  RESISTIVITY  VALUES 
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consolidated  by  the  double  pulse  technique. 


SIC  particle 


A1  matrix 


Figure  6:  Schematic  of  the  effect  of  SiC  particles  on  the  current  flow  path  during 

consolidation  processing. 
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High  energy  high  rate  consolidation  processing  using  the 
Homopolar  Generator  is  a  novel  approach  to  make  sputtering 
targets  and  bulk  ferromagnetic  materials.  In  this  study,  mixtures  of 
elemental  cobalt,  iron  and  boron  in  differnt  proportions  were 
consolidated.  Since  this  process  involves  very  rapid  heating  of  the 
compact  by  a  fast  electrical  discharge,  the  microstructure  of  the 
original  powder  is  retained  in  the  compact.  The  effect  of 
subsequent  heat  treatment  in  vacuum  on  the  properties  of  the 
compact  will  also  be  discussed.  Densities  of  upto  93%  were 
obtained.  Using  these  consolidates  as  sputtering  targets,  thin 
magnetic  films  have  been  grown  and  the  characteristics  of  these 
films  will  be  discussed. 
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